Ecocompatible Blends and Composites Based on Biodegradable Polymeric Materials by ABDELWAHAB, MOHAMED
  
 
UNIVERSITY OF PISA 
 
BIOS - Research Doctorate School in BIOmolecular Sciences 
Ph.D. in BIOMATERIALS - XXIV Cycle (2009-2011) 
 
 
Ecocompatible Blends and Composites Based on Biodegradable 
Polymeric Materials 
 
 
Mohamed Ahmed Abdelwahab 
 
Supervisor: Prof./Dr. Emo Chiellini 
 
Tutor: Dr. Elizabeth Grillo Fernandes 
 Dr. Andrea Corti 
 
 
Laboratory of Bioactive Polymeric Materials for Biomedical and 
Environmental Applications (BIOlab)-Department of Chemistry and Industrial Chemistry 
University of Pisa (Italy) 
  
 
  
  
 
 
 
 
 
 
 
 
 
 
 
To my Parents, my Wife and 
To the most precious inspiration of my life: 
My children Ahmed and Hana 
 
 
 
 
 
 
  
  
 
 
 
 
  
ACKNOWLEDGEMENTS 
 
 
In the name of Allah, Most Gracious, Most Merciful 
 
All praise is for Almighty Allah, the lord of the world, whose guidance, blessings and help 
enabled me this task. 
 
I would like to express my deepest respect and most sincere gratitude to Prof. Emo Chiellini for 
providing me an opportunity to participate in the BIOS school for Biomaterials. He provided me 
with the knowledge, the tools, and the motivation to carry out this research and for future success. I 
am thankful for his consistant encouragement and valuable contribution of his time throughout the 
course of this work. It‘s been a great honor and previlage to work under his inspiring guidance. I 
am also grateful to Prof. Giancarlo Galli, Prof. Roberto Solaro, and Dr. Salvatore D’Antone for 
their support, mentorship and intellectual generocity during this work. 
 
Also, my sincere thanks to my tutors Dr. Elizabeth Grillo Fernandes and Dr. Andrea Corti for 
their guidance and, encouragement at all stages of my work and for stimulating discussions. 
 
I want to express my gratitude to Dr. Syed Imam, Bioproduct Chemistry & Engineering research at 
United State Department of Agriculture, WRRC, in Albany, CA for his input and guidance during 
my visit to his laboratory. 
 
I am very thankful to Dr. Federica Chiellini, Dr. Vassilka IIieva, Dr. Elisa Martinelli, Dr. Michele 
Alderighi, Dr. Anna Maria Piras, Dr. Stefania Cometa, Dr. Marcella Ferri, Dr. Dinuccio Dinucci, 
Dr. Dario Puppi, Dr. Alberto Dessy, Dr. Arianna Barghini, Dr. Cesare Errico, Dr. Matteo Gazzarri, 
Dr. Mamoni Dash, Lucia Perez Amaro, Dr. William Orts, Dr. Bor-Son Chiou, Dr. Klamczynski 
Artur, Dr. Delilah De Wood, and Dr. Tina Williams for their support and help during laboratory 
  
work. Also, I would like to thanks Marta Martinez Sanz, Institute of Agrochemistry and Food 
Technology, Valencia, Spain for help and sharing with me the last part of my thesis. 
 
Special thanks to, Maria Viola, Maria Caccamo, Michela Bianchi and Elisa Romano for their help, 
support, care and generocity throughtout my stay in Italy. 
 
I indebted to many friends and colleagues from the DCCI and BIOLAB for their support, help, and 
friendship, and above the wonderful memories that I take with me, Andrea Morelli, Antonella 
Lisella, Carlos Mota, Chen Haiyan, Chiara Migone, Cristina Bartoli, Gastone Ferri, Giulia Ciampi, 
Francesca Scalesse, Mairam Myrzabekova, Sudhakar Muniyasami, Stefania Sandreschi, and many 
others, I thank you all from the bottom of my heart. I will always remember you when I return 
home! 
 
Finally, I am thankful to my family for their prayers, encouragement, love and emotional support. 
.
  i 
 
INDEX 
 
ACKNOWLEDGEMENTS ................................................................................................... V 
INDEX  .................................................................................................................................... I 
LIST OF ABBREVIATIONS ............................................................................................ XII 
LIST OF TABLES ........................................................................................................... XVII 
LIST OF FIGURES .......................................................................................................... XXI 
ABSTRACT .................................................................................................................... XXVI 
1. INTRODUCTION .................................................................................................... 1 
1.1. PETROLEUM-BASED POLYMERS AND PLASTICS ..................................................... 1 
1.2. WASTE DISPOSAL ISSUE AND LEGISLATIVE BACKGROUND ................................... 3 
1.3. DEGRADATION OF POLYMERS ................................................................................ 7 
1.3.1. Photo-oxidative Degradation ........................................................................... 7 
1.3.2. Thermal Degradation ....................................................................................... 8 
1.3.3. Ozone-induced Degradation ............................................................................. 8 
1.3.4. Mechano-chemical Degradation ...................................................................... 9 
1.3.5. Catalytic Degradation ...................................................................................... 9 
1.3.6. Biodegradation ................................................................................................. 9 
1.4. ENVIRONMENTALLY DEGRADABLE POLYMERS AND PLASTICS ............................ 10 
1.5. OXO-BIODEGRADATION OF FULL CARBON-BACKBONE POLYMERS ..................... 12 
  ii 
1.6. BIODEGRADABLE POLYMERS ............................................................................... 15 
1.7. POLYHYDROXYALKANOATES (PHAS) ................................................................. 17 
1.7.1. Production of PHAs ....................................................................................... 20 
1.7.2. Properties of PHAs ........................................................................................ 22 
1.7.3. Biodegradation of PHAs ................................................................................ 24 
1.7.4. Life Cycle Analysis of Biodegradable Polymers ............................................ 25 
1.7.5. Blending of PHAs ........................................................................................... 26 
1.7.5.1. PHB Blends .................................................................................................... 31 
1.7.5.2. PLA Blends ..................................................................................................... 33 
1.7.5.3. PCL Blends .................................................................................................... 36 
1.7.5.4. Chitosan and Chitin Blends ........................................................................... 37 
1.7.6. Blending PHAs with Synthetic Polymers ...................................................... 39 
1.7.6.1. Maleated Rubber Blends ................................................................................ 39 
1.7.6.2. Ethylene-Propylene Rubber (EPR) Blends ..................................................... 39 
1.7.6.3. Vinylidene Chloride Blends ............................................................................ 40 
1.7.6.4. Dendritic Polyester Oligomers or Dendrimers Blends .................................. 40 
1.7.6.5. Maleic Anhydride Blends ............................................................................... 40 
1.7.6.6. Polyolefin Blends ........................................................................................... 41 
1.7.6.7. Poly(vinyl acetate) Blends .............................................................................. 42 
1.7.6.8. Poly(vinyl acetate-co-vinyl alcohol)Blends .................................................... 43 
1.7.6.9. Polymethacrylate Blends ................................................................................ 44 
1.7.6.10. Poly(vinyl phenol) Blends .............................................................................. 45 
1.7.6.11. Poly(epichlorohydrin) Blends ........................................................................ 45 
  iii 
1.7.7. PHAs Based Polymer Composites.................................................................. 46 
1.7.7.1. PHAs-Starch Based Composites and Blends .................................................. 46 
1.7.7.2. PHAs-Cellulose Derivatives Based Composites and Blends .......................... 48 
1.7.7.3. PHAs-Natural Fiber Composites .................................................................... 51 
1.7.7.4. PHAs Based Silica Hybrid Composites .......................................................... 53 
1.7.7.5. PHAs Based Sugarcane Bagasse Fiber Composites ...................................... 53 
1.7.7.6. PHAs Lignin Composites and Blends ............................................................. 54 
1.7.7.7. Biodegradable Polymer-Layered Silicate Nanocomposites ........................... 55 
1.7.8. Processing and Thermal Degradation of PHAs .............................................. 58 
1.7.9. Application of PHAs ...................................................................................... 60 
1.8. REFERENCES ........................................................................................................ 61 
2. PS/PHB BLENDS USING P(S-MMA) AS COMPATIBILIZER ...................... 86 
2.1. ABSTRACT ........................................................................................................... 86 
2.2. INTRODUCTION .................................................................................................... 86 
2.3. EXPERIMENTAL .................................................................................................... 87 
2.3.1. Materials ........................................................................................................ 87 
2.3.2. Formulations and Processing of PS Blends ................................................... 88 
2.3.2.1. Preparation of PS-PHB-P(S-MMA) Blends by Casting-Milling-Compression 
 Moldindg ........................................................................................................ 88 
2.3.2.2. Preparation of PS-PHB-P(S-MMA) Blends by Melting-Mixing-Compression 
 Moldindg ........................................................................................................ 88 
2.4. Characterization .............................................................................................. 89 
2.5. Results and Discussion ................................................................................... 90 
  iv 
2.5.1. Morphology .................................................................................................... 90 
2.5.2. Thermogravimetric Analysis .......................................................................... 93 
2.5.3. Tensile Properties .......................................................................................... 99 
2.6. CONCLUSION ..................................................................................................... 102 
2.7. REFERENCES ...................................................................................................... 102 
3. PS/PHB BASED BLENDS USING P(S-MAN) AS COMPATIBILIZER ........ 106 
3.1. ABSTRACT ......................................................................................................... 106 
3.2. INTRODUCTION .................................................................................................. 106 
3.3. EXPERIMENTAL ................................................................................................. 107 
3.3.1. Materials ...................................................................................................... 107 
3.3.2. Preparattion of PS-PHB-P(S-MAn) blends .................................................. 108 
3.3.3. Characterization .......................................................................................... 108 
3.4. RESULT AND DISCUSSION .................................................................................. 110 
3.4.1. Surface Morphology ..................................................................................... 110 
3.4.2. Differential Scanning Calorimetry ............................................................... 112 
3.4.3. Thermogravimetric Analysis ........................................................................ 120 
3.4.4. Tensile Properties ........................................................................................ 126 
3.5. CONCLUSION ..................................................................................................... 128 
3.6. REFERENCES ...................................................................................................... 128 
4. PS-PHB-P(S-MAN) BLENDS WITH PRO-DEGRADANT ............................. 137 
4.1. ABSTRACT ......................................................................................................... 137 
4.2. INTRODUCTION .................................................................................................. 137 
  v 
4.3. EXPERIMENTAL .................................................................................................. 139 
4.3.1. Materials ...................................................................................................... 139 
4.3.2. Preparattion of PS-PHB-P(S-MAn)-PD blends ........................................... 139 
4.3.3. Abiotic Degradation ..................................................................................... 140 
4.3.3.1. Exposure to Various Temperatures .............................................................. 140 
4.3.3.2. Exposure to Natural Sunlight ....................................................................... 140 
4.3.4. Analytical Characterization ......................................................................... 142 
4.3.5.1. FTIR Spectroscopy ....................................................................................... 142 
4.3.5.2. Tensile Properties ......................................................................................... 142 
4.3.5.3. Differential Scanning Calorimetry ............................................................... 142 
4.3.5.4. Thermogravimetric Analysis ......................................................................... 143 
4.3.5.5. Scanning Electron Microscope ..................................................................... 143 
4.3.5.6. Gel Permeation Chromatography ................................................................ 143 
4.4. RESULT AND DISCUSSION .................................................................................. 143 
4.4.1. Fourier Transform Infrared Spectroscopy (FTIR) ....................................... 143 
4.4.2. Acetone Extraction ....................................................................................... 153 
4.4.3. Chloroform Insoluble Fraction or Gel ......................................................... 155 
4.4.4. Thermal Properties ....................................................................................... 156 
4.4.5. Morphology Analysis .................................................................................... 162 
4.4.6. Mechanical Properties ................................................................................. 164 
4.5. CONCLUSION ...................................................................................................... 165 
4.6. REFERENCES ...................................................................................................... 166 
5. SYNTHESIS OF PS-PHB BLOCK COPOLYMER USING ATRP ................ 171 
  vi 
5.1. ABSTRACT ......................................................................................................... 171 
5.2. INTRODUCTION .................................................................................................. 171 
5.3. EXPERIMENTAL ................................................................................................. 173 
5.3.1. Materials ...................................................................................................... 173 
5.3.2. Preparattion of Telechelic PHB-Diol........................................................... 174 
5.3.3. Preparattion of Macroinitiator PHB-Br ...................................................... 175 
5.3.4. Preparattion of PS-PHB Block Copolymer by ATRP ................................... 175 
5.3.5. Characterization .......................................................................................... 176 
5.4. RESULT AND DISCUSSION .................................................................................. 178 
5.4.1. Preparation of PS-PHB Block Copolymer and Characterization ................ 178 
5.4.2. Thermal Properties of PS-PHB Block Copolymer ....................................... 186 
5.4.3. Morphology of PS-PHB Block Copolymer ................................................... 192 
5.4.4. Contact Angle Measurements....................................................................... 193 
5.5. CONCLUSION ..................................................................................................... 194 
5.6. REFERENCES ...................................................................................................... 194 
6. PS-PHB BLENDS COMPATIBILIZED WITH A SYNTHESIZED PS-PHB  
 BLOCK COPOLYMER ...................................................................................... 203 
6.1. ABSTRACT ......................................................................................................... 203 
6.2. INTRODUCTION .................................................................................................. 203 
6.3. EXPERIMENTAL ................................................................................................. 205 
6.3.1. Materials ...................................................................................................... 205 
6.3.2. Preparation of PS-PHB-(PS-PHB) Block Copolymer Blends by Casting-
 Milling Compression Molding ..................................................................... 205 
  vii 
6.3.3. Characterization ........................................................................................... 206 
6.4. RESULTS AND DISCUSSION ................................................................................. 207 
6.4.1. Morphology Analysis .................................................................................... 207 
6.4.2. Thermogravimetric Analysis ......................................................................... 210 
6.4.3. Differential Scanning Calorimetry ............................................................... 213 
6.4.4. Contact Angle Measurements ....................................................................... 215 
6.5. CONCLUSION ...................................................................................................... 216 
6.6. REFERENCES ...................................................................................................... 216 
7. PLASTICIZED PLA-PHB BLENDS ................................................................. 222 
7.1. ABSTRACT ......................................................................................................... 222 
7.2. INTRODUCTION .................................................................................................. 222 
7.3. EXPERIMENTAL .................................................................................................. 224 
7.3.1. Materials ...................................................................................................... 224 
7.3.2. Preparation of the Blends ............................................................................. 225 
7.3.3. Characterization ........................................................................................... 225 
7.3.3.1. Scanning Electron Microscopy ..................................................................... 225 
7.3.3.2. Tensile Properties ......................................................................................... 225 
7.3.3.3. Thermal Properties ....................................................................................... 226 
7.3.3.4. X-ray Diffraction Analysis ............................................................................ 226 
7.4. Result and Discussion ................................................................................... 226 
7.4.1. Morphological Properties ............................................................................ 226 
7.4.2. XRD Analysis ................................................................................................ 228 
7.4.3. Thermal and Crystallization Behaviour ....................................................... 230 
  viii 
7.4.4. Thermogravimetric Analysis ........................................................................ 234 
7.4.5. Mechanical Properties ................................................................................. 236 
7.5. CONCLUSION ..................................................................................................... 237 
7.6. REFERENCES ...................................................................................................... 238 
8. PHB/LIGNIN BLENDS COMPATIBILIZED WITH PVAC .......................... 244 
8.1. ABSTRACT ......................................................................................................... 244 
8.2. INTRODUCTION .................................................................................................. 244 
8.3. EXPERIMENTAL ................................................................................................. 247 
8.3.1. Materials ...................................................................................................... 247 
8.3.2. Extraction of Lignin ..................................................................................... 247 
8.3.3. Preparattion of PHB-Lignin-PVAc Composites ........................................... 248 
8.3.4. Characterization .......................................................................................... 249 
8.4. RESULT AND DISCUSSION .................................................................................. 250 
8.4.1. Characterization of Lignin ........................................................................... 250 
8.4.2. Surface Morphology of the Composites ....................................................... 251 
8.4.3. Thermogravimetric Analysis ........................................................................ 253 
8.4.4. Differential Scanning Calorimetry ............................................................... 256 
8.4.5. Tensile Properties ........................................................................................ 258 
8.5. CONCLUSION ..................................................................................................... 259 
8.6. REFERENCES ...................................................................................................... 260 
9. HDPE AND PP RHYOLITE COMPOSITES .................................................... 264 
9.1. ABSTRACT ......................................................................................................... 264 
  ix 
9.2. INTRODUCTION .................................................................................................. 264 
9.3. EXPERIMENTAL .................................................................................................. 266 
9.3.1. Preparation of PE or PP-Rhyolite Composites ............................................ 266 
9.3.2. Characterization ........................................................................................... 267 
9.3.2.1. Scanning Electron Microscopy ..................................................................... 267 
9.3.2.2. Tensile Properties ......................................................................................... 267 
9.3.2.3. Thermal Properties ....................................................................................... 267 
9.3.2.4. X-ray Diffraction .......................................................................................... 268 
9.3.2.5. Thermal Conductivity ................................................................................... 269 
9.3.2.6. Attenuated Total reflectance-Fourier Transform Infrared Spectroscopy (ATR-
 FTIR) ............................................................................................................ 269 
9.4. Result and Discussion ................................................................................... 269 
9.4.1. Morphology Properties ................................................................................ 269 
9.4.2. Differential Scanning Calorimetry Analysis ................................................. 273 
9.4.3. Thermogravimetric Analysis ......................................................................... 276 
9.4.4. Tensile Properties ......................................................................................... 278 
9.4.5. ATR-FTIR Spectroscopy ............................................................................... 280 
9.4.6. XRD Analysis ................................................................................................ 282 
9.4.7. Thermal Conductivity ................................................................................... 285 
9.5. CONCLUSION ...................................................................................................... 287 
9.6. REFERENCES ...................................................................................................... 287 
10. PLA RHYOLITE COMPOSITES ...................................................................... 290 
10.1. ABSTRACT ......................................................................................................... 290 
  x 
10.2. INTRODUCTION .................................................................................................. 290 
10.3. EXPERIMENTAL ................................................................................................. 292 
10.3.1. Materials ...................................................................................................... 292 
10.3.2. Preparation of PLA-Rhyolite Nanocomposites ............................................ 292 
10.3.3. Characterization .......................................................................................... 293 
10.3.3.1. Scanning Electron Microscopy (SEM) ......................................................... 293 
10.3.3.2. Tensile Properties ........................................................................................ 293 
10.3.3.3. Thermal Properties ...................................................................................... 293 
10.3.3.4. X-ray Diffraction .......................................................................................... 294 
10.3.3.5. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
 FTIR) ............................................................................................................ 294 
10.4. RESULT AND DISCUSSION .................................................................................. 295 
10.4.1. Morphology Analysis ................................................................................... 295 
10.4.2. WXRD Analysis ............................................................................................ 297 
10.4.3. Thermal and Crystallization Behavior ......................................................... 298 
10.4.4. Thermogravimetric Analysis ........................................................................ 301 
10.4.5. Mechanical Properties ................................................................................. 303 
10.4.6. ATR-FTIR Analysis of Hydrogen Bonding ................................................... 306 
10.5. CONCLUSION ..................................................................................................... 308 
10.6. REFERENCES ...................................................................................................... 308 
11. PLA/BACTERIAL CELLULOSE NANOWHISKERS MODIFIED .............. 313 
11.1. ABSTRACT ......................................................................................................... 313 
11.2. INTRODUCTION .................................................................................................. 313 
  xi 
11.3. EXPERIMENTAL .................................................................................................. 315 
11.3.1. Materials ...................................................................................................... 315 
11.3.2. Preparation of Bacterial Cellulose Mats ...................................................... 315 
11.3.3. Preparation of Bacterial Cellulose Nanowhiskers (BCNW) ........................ 316 
11.3.4. Graft Copolymerization of BCNW (BCNW-PGMA) ..................................... 316 
11.3.5. Preparation of PLA-BCNW Nanocomposites ............................................... 317 
11.3.6. Characterization ........................................................................................... 317 
11.3.6.1. Attenuated Total Reflectanc-Fourier Transform Infrared Spectroscopy (ATR-
 FTIR) ............................................................................................................ 317 
11.3.6.2. Scanning Electron Microscopy (SEM) ......................................................... 318 
11.3.6.3. Differential Scanning Calorimetry (DSC) .................................................... 318 
11.3.6.4. Thermogravimetric Analysis (TGA) ............................................................. 319 
11.3.6.5. Tensile Testing .............................................................................................. 319 
11.4. Results and Discussion ................................................................................. 319 
11.4.1. Characterization of BCNW and BCNW-co-PGMA ...................................... 319 
11.4.2. Characterization of PLA Nanocomposites ................................................... 323 
11.5. CONCLUSION ...................................................................................................... 330 
11.6. REFERENCES ...................................................................................................... 331 
OVERALL CONCLUSIVE REMARKS AND FUTURE PERSEPECTIVES ............. 338 
  
 
  xii 
LIST OF ABBREVIATIONS 
 
AFM:          Atomic Force Microscope  
AK:          Tris(2,4-di-t-butylphenyl) phosphite (Alkanox 240
TM
) 
ANOVA: Analysis of Variance 
AN: Tetrakis[methylene(3,5-di-t-butyl-4-hydroxyhydrocinnamate)] methane (Anox 
20
TM
) 
APC: American Plastic Council 
aPHB: Atactic Poly(3-hydroxybutyrate) 
ATR-FTIR: Attenuated Total reflectance Spectroscopy-Fourier Transform Infrared 
ATRP: Atom Transfer Radical Polymerization 
CAB: Cellulose Acetate Butyrate 
CAP: Cellulose Acetate Propionate 
CCD: Central Composite Design 
COi: Carbonyl Index 
BCNW: Bacterial Cellulose Nanowhiskers 
DEX: Statistical Design Experiment 
DMA: Dynamic Mechanical Analysis 
DMTA: Dynamic Mechanical Thermal Analysis 
DSC: Differential Scanning Calorimetry 
Dt: Mineralization 
DTGA: Derivative Thermogravimetric Analysis  
E: Elastic Modulus 
Ea: Activation Energy 
EB: Elongation at Break 
EC: Ethyl Cellulose 
EEA: European Environmental Agency 
  xiii 
EDP: Environmentally Degradable Plastics 
EPA: Environmental Protection Agency 
EPI: Environmental Products Inc. 
EPR: Ethylene-propylene Rubber 
EU: European Union 
EVA: Etylene-vinylacetate Copolymer 
FDA: Food and Drug Administration 
FTIR: Fourier Transform Infrared Spectroscopy 
GMA: Glycidyl Methacrylate 
HDI: Heat Distortion Temperaure 
HDPE: High-density polyethylene 
HIPS: High Impact Polystyrene 
Hm: Melting Enthalpy  
HPLC: High Pressure Liquid Chromatography 
ID: Molecular Weight Distribution 
KE: Acetone Extractable Fraction 
LDPE: Low-density polyethylene 
LFC: Long Fiber Composites 
LLDPE: Linear Low-Density Polyethylene 
MA: Methyl Acrylate 
MAn: Maleic Anhyride 
MBAS: Methylene Blue Active Substances 
mcl-PHA: medium Chain Length Poly(hydroxyalkanoates) 
MFI: Melt Flow Index 
Mn: Number-Average Molecular Weight 
MO: Microorganism 
MPHO: Modified Poly(hydroxyoctanate) 
  xiv 
MSM: Mineral Salt Medium 
MW: Weight-Average Molecular Weight 
OPW: Oxidized Polyethylene Wax 
OMMT: Organophilic Montmorllonite 
PBS: Poly(butylenes succinate) 
PCL: Poly(ε-caprolactone) 
PC: Poly(carbonate) 
PCHMA: Poly(cyclohexyl methacrylate) 
PE: Polyethylene 
PEC: Poly(epichlorohydrin) 
PEG: Poly(ethylene glycol) 
PES: Poly(ethylene succinate) 
PET: Poly(ethylene terephthalate) 
PGMA: Poly(glycidyl methacrylate) 
PHA: Poly(hydroxyalkanoates) 
PHB: Poly(3-hydroxybutyrate) 
PHBHHX: Poly(3-hydroxybutyrate-co-3-hydroxy hexanoate) 
PHBV: Poly(3-hydroxybutyrate-co-valerate) 
PHO: Poly(hydroxyl octanoate) 
PLA: Poly(lactic acid) 
PMA: Poly(methacrylate) 
PMMA: Poly(methyl methacrylate) 
POM: Polarized Optical Microscopy 
PP: Polypropylene 
PPC: Poly(propylene carbonate) 
PS: Poly(styrene) 
PSA: Plasticized Starch 
  xv 
P(S-MAn): Poly(styrene-co-maleic anhydride) 
P(S-MMA): Poly(styrene-co-methyl methacrylate) 
PVA: Poly(vinyl alchol) 
PVAc: Poly(vinyl acetate) 
PVC: Poly(vinyl chloride) 
PVPh: Poly(vinyl phenol) 
PWC: Pure Whatman Cellulose Filter Paper 
Re: Residue 
ROOi: Hydroperoxide Index 
SA: Succinic anhydride 
SAc: Starch Acetate 
SAXS: Small Angle X-ray Scattering 
SB: Strain at Break 
SBi: Soil Burial 
SBS: Styrene-butadiene copolymer 
SEC: Size Exclusion Chromatography 
SEM: Scanning Electron Microscopy 
S: Styrene 
Sm: Melting Entropy 
SS: Sodium Stearate 
ST: Tensile Stress at Break 
Tan : Damping Factor 
TAS:  Thermally Aged Sample 
Tc: Crystallization Temperature 
Tcc: Cold Crystallization Temperature 
Td: Decomposition Temperature 
TDPA®: Totally Degradable Plastics Additives 
  xvi 
TEM: Transmission Elctron Microscopy 
Tg: Glass Transition Temperature 
TPO: Thermoplastic Polyolefin 
TS: Tensile Strength 
TGA: Thermogravimetric Analysis 
ThCO2: Theoretical Amount of CO2 
TIT: Titrymetry 
TNI: Total Nitrogen Input 
Tm: Melting Temperature 
TOC: Total Organic Carbon 
Tp: Peak Degradation Temperature 
TPS: Thermoplastic Corn-starch 
US: United States 
UV: Ultraviolet 
VA: Vinyl Acetate 
VDC: Vinylidiene Chloride 
WG: Weight Gain 
WS: Total Sample Amount 
Xc: Crystallinity Degree 
XRD: X-ray Diffraction 
YM: Young Modulus 
  xvii 
LIST OF TABLES 
 
Table 1.1. Plastic code descriptions .................................................................................6 
Table 1.2. Structure of PHAs and some representative members .................................. 17 
Table 1.3. The structure of basic PHAs and those of commercial interset .................... 19 
Table 1.4. Properties of some PHAs, and conventional, petroleum-based polymers .... 23 
Table 1.5. Biodegradation of PHB under various environmental conditions ................ 25 
Table 1.6. Blends of most important PHAs with biodegradable polymers. ................... 28 
Table 1.7. Blends of most important PHAs with non-biodegradable polymers ............ 30 
Table 1.8. Physical properties of PHBV copolymers .................................................... 32 
 
Table 2.1. Codes and components properties of PHB/PS/P(S-MMA) .......................... 89 
Table 2.2. TGA data of PHB/PS/P(S-MMA) blends by casting-milling compression 
molding. ........................................................................................................ 96 
Table 2.3. TGA data of PHB/PS/P(S-MMA) blends by melting-mixing-compression 
molding. ........................................................................................................ 97 
Table 2.4. Tensile properties of PHB/PS/P(S-MMA) based blends by casting-milling 
compression molding.................................................................................. 100 
Table 2.5. Tensile properties of PHB/PS/P(S-MMA) based blends by melting-mixing-
compression molding.................................................................................. 101 
 
Table 3.1. Codes and components properties of PHB/PS/P(S-MAn) .......................... 109 
Table 3.2. DSC parameters (1
st
 heating) of PS-PHB blends compatibilized with P(S-
MAn). ......................................................................................................... 115 
Table 3.3. DSC parameters from 2
nd
 heating of PS-PHB blends compatibilized with 
P(S-MAn). .................................................................................................. 117 
  xviii 
Table 3.4. DSC parameters (2
nd
 cooling) of PS-PHB blends compatibilized with P(S-
MAn). ......................................................................................................... 119 
Table 3.5. DSC parameters (3
rd
 heating) of PS-PHB blends compatibilized with P(S-
MAn). ......................................................................................................... 121 
Table 3.6. TGA data of PHB/PS/P(S-MAn) blends .................................................... 125 
Table 3.7. Tensile properties of PHB/PS/P(S-MAn) blends ....................................... 127 
 
Table 4.1. Composition and sample identification codes of PS-PHB based blends .... 140 
Table 4.2. Minimum, maximum and average temperatures of exposed samples ........ 142 
Table 4.3. The wave number of degradation of PS  .................................................... 149 
Table 4.4. Gel content (wt-%) of PS-PHB-P(S-MAn)-prodegradant based blends 
before and after sunlight exposure ............................................................. 155 
Table 4.5. Mw of chloroform extracted chemicals from PS-PHB-P(S-MAn)-pro-
degradant before and after 100 days sunlight exposure ............................. 156 
Table 4.6. TGA data of PHB/PS/P(S-MAn)/Pro-degradant ........................................ 158 
Table 4.7. DSC 1
st
 heating scan Tg(°C), Tm(°C) , Xc (%)  from sunlight exposure PS 
based blends ............................................................................................... 159 
Table 4.8. DSC 2
nd
 heating scan Tg(°C), Tm(°C) , Xc (%)  from sunlight exposure PS 
based blends ............................................................................................... 161 
Table 4.9. DSC 3
rd
 heating scan Tg(°C), Tm(°C) , Xc (%)  from sunlight exposure PS 
based blends ............................................................................................... 161 
Table 4.10. Tensile properties of PHB/PS/P(S-MA)/Pro-degradant before and after 
sunlight exposure ....................................................................................... 165 
 
Table 5.1. Change of molecular weight of PHB-Ethylene glycol by time .................. 178 
Table 5.2. Molecular weight of ATRP of PS-PHB block copolymer ......................... 184 
Table 5.3. TGA data of PS-PHB block copolymer ..................................................... 187 
  xix 
Table 5.4. DSC parameters (1
st
 heating) of ATRP PS-PHB block copolymer ............ 189 
Table 5.5. DSC parameters (2
nd
 heating) of ATRP PS-PHB block copolymer ........... 191 
Table 5.6. Contact angle data of the PS-PHB block copolymer .................................. 194 
 
Table 6.1. TGA data of PS-PHB blends ...................................................................... 212 
Table 6.2. DSC parameters (2
nd
 heating) of PS-PHB blends  ...................................... 214 
Table 6.3. Contact angle data of the PS-PHB blends .................................................. 215 
 
Table 7.1. DSC parameters (2
nd
 heating) PLA-PHB-Lapol blends   ........................... 233 
Table 7.2. TGA data of PLA/PHB/Lapol blends  ........................................................ 235 
Table 7.3. Tensile properties of the blend films  ......................................................... 236 
 
Table 8.1. Compatibility of lignin with PHB blends using PVAc as compatibilizer ... 249 
Table 8.2. TGA data of PHB/lignin/PVAc blends after melt and compression moulding 
 .................................................................................................................... 255 
Table 8.3. DSC parameters (2
nd
 heating) of PHB-Lignin blends compatibilized with 
PVAc. ......................................................................................................... 257 
Table 8.4. Tensile properties of PHB/lignin/PVAc composite film ............................ 259 
 
Table 9.1. DSC parameters (2
nd
 heating) of PE and PP rhyolite composites ............... 275 
Table 9.2. TGA data of PE and PP rhyolite composites .............................................. 277 
Table 9.3. Tensile properties of the composite film .................................................... 280 
Table 9.4. Crystallite size Dhkl of PE and PP with different rhyolite loadings  ........... 283 
Table 9.5. Crystallinity index (CI) of PE and PP with different rhyolite loadingsc .... 284 
Table 9.6. Thermal conductivity data of PE and PP composites ................................. 286 
 
Table 10.1. DSC parameters (2
nd
 heating) of PLA-rhyolite .......................................... 301 
  xx 
Table 10.2. TGA data of of PLA- rhyolite .................................................................... 303 
Table 10.3. Tensile properties of PLA- rhyolite ........................................................... 305 
 
Table 11.1. TGA of BCNW and BCNW-PGMA .......................................................... 322 
Table 11.2. DSC (2
nd
 heating) of neat PLA and PLA nanocomposites ......................... 327 
Table 11.3. TGA of neat PLA and PLA nanocomposites ............................................. 328 
Table 11.4. Tensile properties of neat PLA and PLA nanocomposites ......................... 330 
 
  xxi 
LIST OF FIGURES 
 
Figure 1.1. American plastic market share. ......................................................................2 
Figure 1.2. Solid Waste recovery rates in 1960. ...............................................................5 
Figure 1.3. Solid Waste recovery rates in 2008PE............................................................5 
Figure 1.4. Life cycle of compostable, biodegradable plastic items. .............................. 26 
 
Figure 2.1. SEM micrograph of a) B33C, b) B67C, c) S33C, d) S67C and e) S17B17C 
by casting-milling compression molding. ..................................................... 91 
Figure 2.2. SEM micrographs of a) S33B33C, b) S17B17C, c) S67B17C and d) 
S17B67C by melting-mixing-compression moulding at 2.000X of 
magnification ................................................................................................ 92 
Figure 2.3. Typical TGA traces of neat components and experimental and theoretical 
ones of blends from casting-milling compression molding .......................... 95 
Figure 2.4. Typical TGA traces of neat components and experimental and theoretical 
ones of blends from melting-mixing compression molding ......................... 98 
 
Figure 3.1. SEM micrographs of PS-PHB-P(S-MAn) of binary (a and b) and ternary 
blends (c, d, e, and f) 2.000X magnification .............................................. 111 
Figure 3.2. DSC traces of 1
st
 heating of PS-PHB-P(S-MAn) blends. ........................... 113 
Figure 3.3. DSC traces of 2
nd
 heating of PS-PHB-P(S-MAn) blends ........................... 116 
Figure 3.4. DSC traces of 2
nd
 cooling of PS-PHB-P(S-MAn) blends. .......................... 118 
Figure 3.5. DSC traces of 3
rd
 heating of PS-PHB-P(S-MAn) blends ............................ 120 
Figure 3.6. DTG traces of PS-PHB-P(S-MAn) tertiary blends and pristine components ... 
  .................................................................................................................... 123 
Figure 3.7. Experimental and theoretical TGA traces of binary blends: (a) S33B, (b) 
S67B, (c) B33C, (d) B67C, (e) S33C, (f) S67C.......................................... 124 
  xxii 
Figure 3.8. Experimental and theoretical TGA traces of PS-PHB-P(S-MAn) ternary 
blends: (a) S17B17C, (b) S17B67C, (c) S33B33C, (d) S67B17C ............. 126 
 
Figure 4.1. Supports used on aging test: a) for FTIR analysis, b) Petri dish. ............... 141 
Figure 4.2. Nylon net system used for sunlight exposure  ............................................ 141 
Figure 4.3. FTIR spectra of PS, PSPD, S33B33M and S33B33MPD before and after 
thermal degradation for 90 days at 60
o
C .................................................... 144 
Figure 4.4. Carbonyl index of thermal degradation bends before and after 90 days .... 145 
Figure 4.5. Photo of the blend before and after sunlight exposure ............................... 146 
Figure 4.6. FTIR of sunlight exposure of PS, PSPD, S33B33M and S33B33MPD blends  
  ................................................................................................................... 147 
Figure 4.7. FTIR spectra of PS and PSPD before and after sunlight exposure in the 
range of 1580 to 1800 cm
-1
 and at 3100 to 3650 cm
-1
 ................................ 148 
Figure 4.8. FTIR spectra of S33B33M and S33B33MPD before and after 120 sunlight 
exposure at the range 3400 to 3800 cm
-1
 .................................................... 151 
Figure 4.9. Carbonyl index of PS, PSPD, S33B33M and S33B33MPD under sunlight 
exposure ..................................................................................................... 152 
Figure 4.10. Acetone extractable fraction of PS, PSPD, S33B33M and S33B33MPD 
under sunlight exposure for 120 days ........................................................ 154 
Figure 4.11. Carbonyl index of extracted of PS, PSPD, S33B33M and S33B33MPD of 
sunlight exposure for 120 days................................................................... 154 
Figure 4.12. TGA traces of PS-PHB-P(S-MAn)-pro-degradant blends thermal aged at 60 
°C up to 90 days and sunlight exposure for 120 days ................................ 157 
Figure 4.13. DSC traces of the 1
st
 heating scan of a) PS, b) PSPD, c) S33B33M and d) 
S33B33MPD blends sunlight exposure up to 120 days ............................. 160 
Figure 4.14. DSC traces of the 2
nd
 heating scan of PS-PHB blends sunlight exposure up 
to 120 days ................................................................................................. 162 
  xxiii 
Figure 4.15. SEM of PS-PHB blends of PSPD, S33B33M and S33B33MPD  .............. 163 
 
Figure 5.1. FTIR of PHB, PHB-Eg, PHB-Br and PS-PHB block copolymer ............... 180 
Figure 5.2. 
1
H NMR spectra of a) PHB and b) PHB-OH.............................................. 181 
Figure 5.3. 
1
H NMR spectra of PHB-Br ....................................................................... 182 
Figure 5.4. 
13
C NMR spectra of PHB-Br ...................................................................... 183 
Figure 5.5. GPC of PHB-Br and PS-PHB block copolymer ......................................... 184 
Figure 5.6. 
1
H NMR spectra of PS-PHB block copolymer ........................................... 185 
Figure 5.7. 
13
C NMR spectra of PS-PHB block copolymer .......................................... 186 
Figure 5.8. TGA and DTG of PHB, PHB-Eg, PHB-Br and PS-PHB block copolymer188 
Figure 5.9. DSC of 1
st
 heating of PHB, PHB-Eg, PHB-Br and PS-PHB copolymer. ... 189 
Figure 5.10. DSC of 2
nd
 heating of PHB, PHB-Eg, PHB-Br and PS-PHB copolymer ... 191 
Figure 5.11. Photo of a) Optical microscope and b) TEM of PS-PHB block copolymer192 
Figure 5.12. AFM phase of PS-PHB block copolymer at different scale ....................... 193 
 
Figure 6.1. SEM photos of PS-PHB blends .................................................................. 207 
Figure 6.2. AFM photos of PS-PHB blends. ................................................................. 209 
Figure 6.3. Polarized and non-polarized light of PS-PHB blends  ................................ 210 
Figure 6.4. a) TGA graph of PS-PHB blends and b) DTG graph of PS-PHB blends. .. 212 
Figure 6.5. DSC graph of the second heating of PS-PHB blends ................................. 214 
 
Figure 7.1. SEM images of PLA (a), PHB (b), PLA-7%Lapol (c), PHB-7%Lapol (d), 
PLA75-PHB25 (e), PLA75-PHB25-Lapol5 (f) and PLA75-PHB25-Lapol7 
(g) ............................................................................................................... 228 
Figure 7.2. XRD of PLA, PHB and PLA-PHB-Lapol blends ....................................... 229 
Figure 7.3. DSC of the 2
nd
 heating scan of PLA, PHB, Lapol and PLA-PHB-Lapol 
blends ......................................................................................................... 231 
  xxiv 
Figure 7.4. a) TGA and b) DTG of PLA, PHB and PLA-PHB based blends ............... 234 
 
Figure 8.1. FTIR spectra of PNS and lignin purified ................................................... 251 
Figure 8.2. SEM micrograph of composites: a) PHB-30%PVAc, b) PHB-40%PVAc, c)  
PHB-5%lignin, d) PHB/5%lignin/30%PVAc, e) PHB/5%lignin/40%PVAc, 
f) PHB-10%lignin, g) PHB/10%lignin/30%PVAc and h) 
PHB/10%lignin/40%PVAc. ....................................................................... 253 
Figure 8.3. TGA and DTG of PHB-lignin-PVAc composites ...................................... 254 
Figure 8.4. DSC (second heating) of PHB-PNS-lignin-PVAc composites .................. 256 
 
Figure 9.1. SEM images of low (a) and high magnification of rhyolite (b) ................. 270 
Figure 9.2. SEM images of neat PE at (a) low and (b) high magnification. Low and high 
magnification images, respectively, were obtained for composites of PE-
25% rhyolite (c, d) ..................................................................................... 271 
Figure 9.3. SEM images of neat PP at (a) low and (b) high magnification. Low and high 
magnification images, respectively, were obtained for composites of PP-
25% rhyolite (c, d) and PP-30%rhyolite (e, f) ............................................ 272 
Figure 9.4. SEM images of PP-35% rhyolite at (a) low and (b) high magnification .... 273 
Figure 9.5. DSC of the second heating of PE and PE-rhyolite composites .................. 274 
Figure 9.6. DSC of the second heating of PP and PP-rhyolite composites................... 275 
Figure 9.7. TGA and DTG of the PP and PP-rhyolite composites ............................... 276 
Figure 9.8. TGA and DTG of the PE and PE-rhyolite composites ............................... 278 
Figure 9.9. ATR-FTIR of the PE and PE-rhyolite composites ..................................... 281 
Figure 9.10. ATR-FTIR of the PP and PP-rhyolite composites ..................................... 281 
Figure 9.11. XRD of the PE and PE-rhyolite composites .............................................. 282 
Figure 9.12. XRD of the PP and PP-rhyolite composites ............................................... 284 
Figure 9.13. Thermal conductivity of the PE and PP with rhyolite composites ............. 286 
  xxv 
 
Figure 10.1. SEM images of low (a) and high magnification of rhyolite (b) .................. 295 
Figure 10.2. SEM images of neat PLA at (a) low and (b) high magnification. Low and 
high magnification images, respectively, were obtained for composites of 
PLA-3%clay (c, d), PLA-5% rhyolite (e, f) and PLA-10% rhyolite (e, f) .. 297 
Figure 10.3. XRD of the clay, PLA and PLA-rhyolite composites ................................ 298 
Figure 10.4. DSC (2
nd
 heating) of PLA and PLA-rhyolite composites  .......................... 300 
Figure 10.5. TGA (a) and DTG (b) of PLA and PLA with different loading of rhyolite 302 
Figure 10.6. Young‘s modulus (a) and stress at break (b) of PLA and PLA-rhyolite 
composites with different clay loadings ..................................................... 304 
Figure 10.7. ATR-FTIR of PLA and PLA-rhyolite composites with different clay 
loadings over (a) the broad wavelength spectrum and (b) highlighting 
differences at 1749 cm
-1
 ............................................................................. 307 
 
Figure 11.1. ATR-FTIR spectra of BCNW and BCNW-PGMA .................................... 321 
Figure 11.2. SEM micrographs of freeze-dried BCNW (a) and BCNW-PGMA (b) ...... 321 
Figure 11.3. DTG curves of unmodified BCNW and BCNW with grafted PGMA ....... 322 
Figure 11.4. Images from optical microscopy with polarized light of nanocomposite 
films: PLA+5 wt.-%BCNW (a) and PLA+5 wt.-%BCNW-PGMA (b). Scale 
markers correspond to 50 micrometres....................................................... 324 
Figure 11.5. SEM micrographs from the cryo-fractured surface of nanocomposite films: 
Pure PLA (a); PLA-3wt-%BCNW (b) and PLA-3 wt%BCNW-PGMA (c) ..... 
 . ................................................................................................................... 325 
Figure 11.6. ATR-FTIR spectra of a) neat PLA and PLA nanocompowsites over (a) the 
broad wavelength spectrum and (b) highlighting differences from 700-2000 
cm
-1
 ............................................................................................................. 326 
 
  xxvi 
ABSTRACT 
 
The research activity implemented in the present Doctorate Thesis was focused on 
polymeric materials based on polyolefins that are the predominant polymers mostly used for 
consumer packaging. These polymers are not biodegradable and management of waste of relevant 
plastic items represents a serious environmental challenge world-wide. Attempts were made to 
develop several ecocompatible blends and composites utilizing polyolefins in conjunction with 
other biodegradable polymeric materials. Research on those efforts will be presented here. 
Much attention was focused on novel ecocompatible materials based on blends of 
polyhydroxybutyrate (PHB) and polystyrene (PS). The selection of PS was made due to its large 
use in current commercial packaging and also because of recent efforts to impart oxo-
biodegradable functionality to this polymer. PHB is well known biodegradable bacterial polyester 
emerging as a viable substitute for synthetic, semi-crystalline non-biodegradable polymers. 
Polystyrene-co-methylmethacrylate P(S-MMA) and polystyrene-co-maleic anhydride P(S-MAn) 
copolymers were selected as compatibilizers due to the intrinsic immiscibility between PS and 
PHB. The films produced by compression molding were characterized by means of thermal 
analysis (TGA and DSC), scanning electron microscopy (SEM) and tensile tests. The effect of 
thermal and sunlight degradation behavior of the blend films of PS with PHB using P(S-MAn) as 
compatibilizer were also investigated. PS-PHB-P(S-MAn) blends were formulated with or without 
pro-degradant additives to influence the initial rates of degradation. This family of materials were 
subjected to a thermal aging for 90 days followed by sunlight exposure for 120 days. Thermally 
aged PS-PHB-P(S-MAn) blends showed no significant changes in weight increase when evaluated 
by FTIR, TGA and GPC. On the other hand, sunlight exposure led to some degradation in the 
sample after 120 days. Additionally, a new strategy was planned to compatibilize PS-PHB based 
blends through the synthesis of an A-B copolymer from PHB by using Atom Transfer Radical 
Polymerization (ATRP) of styrene. The copolymer was prepared in a three-step procedure which 
consisted of (i) a transesterification reaction between diethylene glycol and a high molecular weight 
PHB (ii) synthesis of PHB-derived macroinitiator and (iii) ATRP polymerization to synthesize PS-
PHB block copolymer. The latter step was carried out at 115°C in an anisole solution with CuBr 
  xxvii 
and 2,2-bipyridyl as the initiating system. FTIR, GPC, 
1
H- and 
13
C-NMR spectroscopy were used 
for the assessment of structural features and/or end-group functionality at each step of the adapted 
procedure. 
Moreover, PHB and PS based blends were prepared by the method of casting using a previously 
synthesized PHB-PS copolymer as a compatibilizer. Blends were analyzed for their morphology 
and thermal properties. Blends showed good miscibility and had well defined morphological 
structure. 
Also, blends of poly(lactic acid) (PLA) and PHB with a plasticizer (Lapol) were developed and 
evaluated by TGA, DSC, XRD, SEM and mechanical testing. PLA/PHB blends showed a good 
distribution and absence of phase separation. 
Another investigation undertaken in the present thesis work is the preparation and characterization 
of composites based on lignin, a renewable resource-based in conjunction with PHB. The work 
aimed at the application of low cost lignin extracted from pine nut shells (PNS) as filler with a high 
cost PHB in order to obtain composites with improved economics and ecological performance. 
New types of eco-friendly composite materials that are suitable for short-term packaging and 
disposable applications based on rhyolite as filler in polyethylene (PE), polypropylene (PP) and 
poly(lactic acid) (PLA) matrices were investigated. 
Additionally, a novel and facile method for surface modification of bacterial cellulose 
nanowhiskers (BCNW) was developed by graft copolymerization of glycidyl methacrylate by 
redox-initiated free radical method. These modified BCNW were subsequently introduced into a 
PLA polymeric matrix to produce fully biodegradable nanocomposites.  
 
This Ph.D. thesis is divided into ten chapters reporting on the different topics investigated during 
the implementation of the research activities: 
 PS/PHB using P(S-MMA) as compatibilizer 
 PS/PHB using P(S-MAn) as compatibilizer 
 PS/PHB/P(S-MAn) blends with pro-degradant 
 Synthesis of PS-PHB block copolymer using ATRP 
 PS/PHB compatibilized with a synthesized PS/PHB copolymer 
  xxviii 
 Plasticized PLA-PHB blends 
 PHB/lignin blends compatibilized with PVAc 
 HDPE and PP rhyolite composites 
 PLA Rhyolite composites 
 PLA/bacterial cellulose nanowhiskers modified. 
  
  xxix 
 
  
1. INTRODUCTION 
 
Most of today's polymeric materials are derived from fossil fuels (crude oil or natural gas). The 
single use consumer products made from these materials consisting of full carbon backbone 
macromolecules are not readily degradable in the environment upon disposal and concerns are 
mounting about the potential impact of such materials. Environmentally degradable polymers 
(EDPs) from renewable resources are seen as an alternate choice to help mitigate some of the 
environmental burden caused by plastic waste
1
. They may also be a safer alternative leading to 
processes that attain low or near zero carbon dioxide emissions. 
 
1.1. Petroleum-Based Polymers and Plastics 
Petrochemicals based polymers are high molecular weight hydrocarbons that include mainly low-
density (LDPE), linear low-density (LLDPE) and high-density polyethylene (HDPE), 
polypropylene (PP) and polystyrene (PS). These polymers can be tailored to meet specific needs for 
a particular application. Specific properties can be acquired by simply varying the (a) atomic 
makeup of the repeat structures; (b) molecular weight and molecular weight distribution, (c) 
flexibility provided by the side chain branching as well as the lengths and polarities of the side 
chains. Properties can be further influenced by tailoring the degree of crystallinity, the amount of 
orientation imparted to the plastic during processing, through copolymerization, blending with 
other polymeric materials, and through modification with an enormous range of fillers, fibres, 
plasticizers and stabilizers. 
Such polymers and plastics are break-resistant, nontoxic, and non-contaminating, and are the only 
plastics lighter than water. They easily withstand exposure to nearly all chemicals at room 
temperature for up to 24 hours. However, strong oxidizing agents eventually cause embrittlement. 
Polyolefins can also be damaged by long exposure to sun-light. 
Petroleum based synthetic polymers are responsible for the production of one of the most versatile 
group of industrial chemicals and/or materials ever produced. These Materials offer useful features 
such as strength, flexibility, light-weight, easy-processing and low production costs. Continued 
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research and development has led to further improvement in the mechanical properties and 
durability of consumer plastics, which in turn has served to improve quality of life but has also 
made us increasingly dependent on such materials. 
Polyethylene (PE) was one of the early synthetic plastics used for packaging and still remains the 
leading choice due mainly to its low price and desirable properties. Figure 1.1 depict the 
distribution of the use of synthetic plastics in different market sectors published by the American 
Plastics Council (APC)
2
. The chart indicates that for synthetic plastics, packaging is the leading 
industrial sector with roughly 33% market share followed by exports, consumer, and other 
institutional sectors with 20 percent share. The construction and building sector‘s usage of plastic 
packaging amount to about 15% of the total plastic production in the United States. 
 
 
Figure ‎1.1. American plastic market share2. 
 
Polyolefins have been extensively used in packaging agriculture and horticulture practices for the 
past 50 years. The use of plastics in agriculture has helped farmers increase their crop production, 
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improving both product quality and yield by mitigating extreme weather changes, optimizing 
growth conditions, extending the growing season and reducing plant diseases
3
. 
PE is a family of polymers, which include LDPE, LLDPE, medium density polyethylene (MDPE), 
and HDPE. These PEs differ principally in their density, which is related to their type of branching 
and hence degree of crystallinity. In particular, LDPE is the most widely used grade, due to its 
relatively good mechanical and optical properties and also offers a competitive market price. 
PP is similar to PE, but each repeating unit of the chain has a pendent methyl group. PP is 
extensively used because of its low cost and ease in processing. It‘s drawbacks include low barrier 
properties to oxygen and solubility in many organic solvents
4
. 
PS is a polymer with a wide range of applications, making up around 10 wt% of the total plastic 
waste stream. In contrast with PE and PP, PS can be thermally depolymerized at relatively low 
temperatures to obtain monomeric styrene with high selectivity
5
. PS is widely used in industry due 
to its processing ease and desirable mechanical properties such as rigidity and good dye-ability. PS 
is well suited for applications such as food packaging, general packaging, audio equipment, 
disposable cups, and spares of electrical equipment
6,7
. 
Plastics based petrochemical polymers are extensively used in packaging of products like food, 
pharmaceuticals, cosmetics, detergents and chemicals. Approximately 30-40% of all the plastics 
produced globally are used for packaging applications and its utilization is expanding at a rate of 
12% per annum. Recently, much of the research has been focused over the options of polymer 
recycling in conjunction with the use of biodegradable polymers. Recycling is mainly focused on 
poly(vinyl chloride) (PVC), polyolefins and polyesters like polycarbonate (PC) and poly(ethylene 
terephthalate) (PET) because these polymers are found in large quantities in municipal waste
8
. 
Therefore, the degradation and disposal options along with possible biodegradation of the used 
polymers represent an important area of research with broad economic and environmental 
implications. 
 
1.2. Waste Disposal Issue and Legislative Background 
Global plastics production was estimated to be 260 million tons in 2007
9
, with a two- to three-fold 
increases in plastics consumption expected during the 21
st
 century, particularly due to the growth of 
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population and quality of life in many developing and emerging countries
10
. This poses an 
enormous challenge for plastic-waste disposal. 
As the usage of plastics grows worldwide, the problems of plastic waste disposal become more 
acute. Since 1990, joint efforts led by the plastics industry in conjunction with several corporations 
APC has invested more than $1 billion as a support to educate communities and to encourage and 
support increased recycling of the plastic waste. Despite many successes with recycling, source 
reduction and energy recovery, some proportion of the plastic waste will always destined for solid-
waste disposal in landfills. A more significant combination of source reduction, recycling, 
incineration and composting is being developed in Western Europe, the United States and 
elsewhere as an alternative to solid waste disposal in landfills
3
. 
In addition to simple waste issues, synthetic plastic such as PE and PP, alone or treated with photo 
catalysts exposed to UV irradiation from sunlight, undergo a photo-oxidation process, deteriorate 
and are reduced to small fragments often called microplastics. Within the last few decades, large 
amount of this type of plastic waste has ended up in terrestrial and marine environments world-
wide. These functional microplastics may withstand the growth of microorganism with their 
following metabolization. Many believe that these micoplastic debris can be mistaken as planktons 
and ingested by marine animals, which ultimately enters the food chain, but this beleief is very 
disposable
3
. 
Efforts are underway globally to create laws to minimize plastic waste and encourage its recycling 
in order to reduce plastic wastes and eventually reengineered to become biodegradable. In view of 
the increased amount of waste recovered from 1960 to 2008, reported in US, Environmental 
Protection Agency (EPA) data, it is apparent that most US communities understand the importance 
of recycling to reduce the impact of solid wastes (Figure 1.2 and Figure 1.3)
11
. At least 33% of the 
plastic waste in US is now recovered and recycled, thus greatly reducing the volume of the plastic 
waste entering the landfills and energy consumption. In Europe, the EU also encourages 
communities, professional organizations and regulatory agencies to work with industry to jointly 
seek and develop sustainable alternatives with the aim to preserve resources for future 
generations
12
. An additional benefit from recycling of plastics is that the recycled resin reduces the 
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demand for neat materials, which in turn reduces our over-dependence on oil and gas resources. It 
produces fewer environmental effluents and thus provides a better environmental carbon footprint. 
 
 
Figure ‎1.2. Solid Waste recovery rates in 196011. 
 
Figure ‎1.3. Solid Waste recovery rates in 200811. 
 
Recycling presents many challenges as well. Array of plastics with well defined chemistries, 
additives, compatibilizers, degradable nature, and contamination, etc. are problematic. Such 
plastics are closely scrutinized by the recycling centers (Table 1.1) as any contamination can 
negatively impact property of the remanufactured items. Also, because of the reasons mentioned 
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earlier, plastics that have been recycled fewer times are more likely to be accepted by recycling 
centers than the plastics that have been recycled many more times
13
. 
Huge amount of the plastics are also used for agricultural purposes worldwide and their usage is 
increasing every year causing many problems with respect to their collection, storage and disposal. 
Most of this high-volume plastic waste ends up in landfills and currently there are no known 
technologies available for their minimization. To overcome these challenges, innovative measures 
are needed. Plastics with built-in auto degradation and disposal capability or imparting 
biodegradation behavior in used polymers are some possible venues. 
 
Table ‎1.1: Plastic code descriptions 
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The U.S. Environmental Protection Agency and Community of European Norms recommend 
composting as one of the most promising methods of plastic waste management
14
. Biodegradable 
polymers can be suitable for composting and they can be based either on renewable resources or on 
petrochemicals. Therefore, the uses of polymers that can be biorecycled under uncontrolled 
conditions are of great interest. This biological recycling should be considered as an alternative to 
the more traditional procedures. Researches around the world are making efforts to modify existing 
polymers or to synthesize new polymers that can be returned to biological cycle after use
14
. Thus, 
environmentally degradable polymers are poised to play an important role in the management of 
plastic waste and litter in the future. However, current limited global usage of renewable resources 
in consumer plastics (90.5-1%) and lack of infrastructure for their eventual composting remains to 
be quite challenging. Expectation for the next decades is on the same minimum level of plastics 
based on renewable resources, therefore reenegineering of conventional plastic items to controlled 
life time are not an option but a must. 
 
1.3. Degradation of Polymers  
Polymer degradation is the chemical breakdown of the polymer chain in to smaller chains, low 
molar mass components and respiration byproducts such as CO2 and water. The changes may 
include bond scission, chemical transformation and the formation of new functional groups. 
Degradation of a materials lead to changes in its properties such as mechanical, optical and 
electrical. Polymers exhibit crazing, cracking, erosion, discoloration, phase separation and 
delamination. Depending on the mode of action, polymer degradation can be mediated by processes 
such as photo-oxidation, thermal, ozone-induced, mechano-chemical, catalytic, and 
biodegradation
15
. Brief discussions of these mechanisms are provided in the subsequent section. 
 
1.3.1. Photo-oxidative Degradation 
Photo-oxidative degradation is the process of decomposition of the material by the action of light, 
which is considered as one of the primary sources of damage exerted upon polymeric substrates at 
ambient conditions. Most of the synthetic polymers are susceptible to degradation initiated by UV 
and visible light. Polymer degradation occurs mainly with formation of hydroperoxides preferably 
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on tertiary carbon atoms with ultimate generation carbonyl, ester and eventually to CO2 and 
water
16
.  
 
1.3.2. Thermal Degradation 
Under normal conditions, photochemical and thermal mechanisms are similar in their mode of 
action and are both classified as oxidative degradation. The main difference between the two is the 
sequence of initiation steps leading to auto-oxidation cycle. Another difference is that thermal 
reactions occur throughout the bulk of the polymer sample, whereas photochemical reactions occur 
nearly on the polymer surface
17
. Thermal degradation of polymers occurs through random and 
chain depolymerization reaction initiated by heat and UV light
18
. The depolymerization reaction in 
thermal degradation process need not be initiated at terminal end of the macromolecule; instead, 
structural defects in the chain structure act as preferable sites of oxygen uptake with formation of 
hydroperoxides that tend to decompose by effect of temperature or light leading to macromolecular 
chain breakdowns. 
 
1.3.3. Ozone-induced Degradation 
Atmospheric ozone usually causes the degradation of polymers under conditions that may be 
considered as normal; when other oxidative aging processes are very slow and the polymer retains 
its properties for a rather longer time
19,20
. The presence of ozone in the air, even in very small 
concentrations, markedly accelerates the aging of polymeric materials. This process, in saturated 
polymers, is accompanied by the intensive formation of oxygen-containing compounds, by a 
change in the molecular weight and by impairment of the mechanical and electrical properties of 
the specimens
21
. Exposure of polymers to ozone results in the rapid and consistent formation of a 
variety of carbonyl and unsaturated carbonyl products based on aliphatic esters, ketones, and 
lactones as well as aromatic carbonyl associated with the styrene phase. This follows by a more 
gradual formation of ether, ester, carbonyl, hydroxyl and terminal vinyl groups within the time
22
. 
The reactions of ozone with polymers occur in the main chains containing C-C bonds, aromatic 
rings or saturated hydrocarbon links. The reactions proceed through unstable intermediates such as 
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the bipolar ion or peroxy radicals, which can isomerize or degrade causing decomposition of 
macromolecules
23
. 
 
1.3.4. Mechano-chemical Degradation 
Mechano-chemical degradation in polymers results from mechanical stress and by strong ultrasonic 
irradiations
24
. Breakdown of molecular chains under shear or mechanical force is often aided by C-
C bonds breakdown with formation of free radicals susceptible to react with oxygen. 
 
1.3.5. Catalytic Degradation 
Catalytic transformation of waste polymers into hydrocarbons with higher commercial value is a 
field of great interest (portable fuels). Polyolefins are thermally or catalytically degraded into gases 
and oils. Most of the interest has been directed towards polyolefins (PE, PP, and PS), which 
constitute substantial part of industrial and domestic waste. The addition of a catalyst not only 
improves the quality of products obtained from pyrolysis of plastic wastes and lowers the 
temperature of decomposition, but can also influence the selectivity towards product of specific 
compounds. 
 
1.3.6. Biodegradation 
Biodegradation is a biochemical transformation of organic compounds leading up to its complete 
mineralization mediated either by live microorganisms or their enzymes. Mineralization of organic 
compounds yields carbon dioxide and water under aerobic conditions, and methane and carbon 
dioxide under anaerobic conditions. A prior exposure of a polymer to abiotic hydrolysis, photo-
oxidation and physical disintegration may lead to increased surface area of the polymer for 
microbial colonization and reduced molecular weight, which enhance polymers capacity to 
biodegrade quickly. 
Depending on mode of action, definition of biodegradation may vary greatly. For example, change 
in surface properties or loss of mechanical strength, polymer assimilation by microorganisms, 
enzyme breakdown, polymer chain scission and subsequent reduction in the average molecular 
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weight are all indicative of polymer degradation. Thus, degradation can occur by any of the above 
mechanisms alone or in combination with one another. 
According to ASTM standard D-5488-94d biodegradation is defined as ‗‗a process which is 
capable of decomposition of materials into carbon dioxide, methane, water, inorganic compounds, 
or biomass in which the predominant mechanism is the enzymatic action of microorganisms, that 
can be measured by standard tests, in a specified period of time, reflecting available disposal 
conditions‘‘. Biodegradability is also defined as the propensity of a material to get breakdown into 
its constituent molecules by natural processes (often microbial digestion)
25
. 
 
1.4. Environmentally Degradable Polymers and Plastics 
One obvious benefit of recycling and use of biodegradable plastics is that both reduce the request 
for landfill or incineration of waste materials. Environmentally degradable polymer and plastics 
(EDPs), on the other hand, are special class of materials that are inherently sensitive and prone to 
environmental degradation (causing change in their chemical structure). Under exposure to specific 
environmental conditions caused by physical, mechanical and chemical agents or microorganisms, 
molecular chains of EDPs are reduced into low molecular weight compounds, which ultimately 
degrade to CO2 and H2O and biomass or CO2, CH4 and H2O by action of microorganisms under 
aerobic or anaerobic conditions, respectively. In other words, the process of EDP degradation 
comprises two phases, environmental disintegration and mineralization mediated by microbial 
action. During the initial phase, disintegration is significantly associated with the deterioration in 
physical properties, such as discoloration, embrittlement and fragmentation. The second stage is 
assumed to be the ultimate conversion of plastic fragments, (after being broken down to molecular 
sizes), to CO2, water, cell biomass (aerobic conditions), and CH4, CO2 and cell biomass in case of 
anaerobic conditions. The EDP degradation and assimilation by microorganisms must be complete 
and occur at a sufficiently rapid rate so as to avoid accumulation of materials in the environment
26
. 
The biotic action may include the intervention of microbial agents such as bacteria, algae, fungi as 
well as macrobiotic agents like crickets, snails and worms and other soil insects. Thus, 
environmental polymer degradation can occur via a variety of pathways, which include photo-
oxidation, thermo-oxidation, mechanical stress, chemical oxidation, hydrolysis, acidolysis, 
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aminolysis and biotic action by bacteria, fungi, yeasts and algae or their enzymes, or via 
combination of such processes
27
. 
At present, there are two kinds of EDPs that are being manufactured commercially and are finding 
many uses in consumer products. Both of these plastics are poised for a promising future. These 
polymers are: 
1) Oxo-biodegradable polymers, which are degraded as a result of a combination of oxidative and 
cell-mediated processes, either simultaneously or successively. In other words, biodegradation 
where polymer chain cleavage primarily occurs due to oxidation processes mediated by abiotic 
chemistry or microbiological action or both. 
2) Hydro-biodegradable polymers where degradation is the result of hydrolytic and cell-mediated 
phenomena, either simultaneously or successively. In other words, biodegradation in which 
polymer chain cleavage is primarily due to hydrolysis, which may be mediated by abiotic 
chemistry, microbiological action or both. 
Both of these types of biodegradable polymer features a two-stage sequential molar mass reduction 
in the environment with the first stage being basically abiotic (Scheme 1.1)
27
. 
 
 
Scheme ‎1.1. Schematic representation of the degradation of two types of EDPs28. 
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EDPs can be synthesized from both renewable and non-renewable feedstocks. Examples of EDPs 
synthesized from renewable feedstock are cellulose, starch, starch esters, collagen, viscose, 
cellulose acetate, poly(hydroxyalkanoate)s, polylactic acid, etc. A few EDPs are synthesized using 
non-renewable feedstock including polyvinyl alcohol, polycaprolactone, aliphatic-aromatic co-
polyesters, blends of starch and biodegradable polyesters etc. Renewable feedstock used for EDP 
production can be simple natural compounds or their derivatives that have undergone chemical 
transformation to provide an appropriate building block for EDP. EDPs produced from non-
renewable feedstock are commonly derived from crude oil and natural gas as raw materials. 
EDP are often used as blends or composites where two or more biodegradable materials are 
combined to provide optimal performance while maintaining or enhancing their ability to 
biodegrade
26
. EDP materials must have certain attributes such as: 
• Rapid degradation and/or biodegradation; 
• Degradation products must be bioassimable (leading to CO2 and water via biological pathways; 
• Easily processable; 
• High versatility; 
• Acceptable performance; and 
• Economically feasible. 
 
1.5.  Oxo-biodegradation of Full Carbon-Backbone Polymers 
All polyolefins undergo oxidative degradation in the environment; but, the rate of their degradation 
is dependent upon the exposure conditions. Factors such as temperature, UV radiation (i.e., 
exposure to sunlight) and mechanical stress control the rates of oxidation. In the absence of 
antioxidants, the time required for an unmodified polyolefins to degrade to brittleness in various 
environments may vary from months to decades. 
It is generally recognized that there will be some oxidation of polyolefins (usually trace amounts) 
during their melt processing, notwithstanding the routine use of processing antioxidants and the 
exclusion of air from the processing equipment (Scheme 1.2). The net result of this will be a very 
low concentration of hydroperoxide groups that are attached to carbon atoms in the chain backbone 
that can lead to free radical decomposition in the environment as described below. 
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 Scheme ‎1.2. Oxidation of polyolefins. 
 
In the schematic scheme presented above, PH represents a polyolefin molecule and Fs(O)x as 
oxidized fragments vulnerable to microbial attack. The alkoxy radical (P.) is exceedingly unstable. 
It will decompose spontaneously to form ketones or aldehydes (depending on the structure of the 
'parent' hydroperoxide group) and these carbonyl compounds will undergo further oxidation to 
produce acids esters and the like that are similar to naturally occurring materials. 
In order to achieve rates of oxo-biodegradation for polyolefins that are compatible with established 
practices of plastics use and disposal, it is necessary to add one or more additives having a pro-
degradant activity. These `activated' polyolefins are referred to as oxo-biodegradable polyolefins 
and the additives that promote this process are called pro-degradant and sometimes pro-oxidant. In 
general, these additives are transition metals salts. Scheme 1.3 exemplifies the mechanism of oxo-
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degradation cascade by using iron salt as pro-degradant. The role of the pro-degradant additive 
appears there to promote and start chain reaction process. 
 
Fe+3POOHFe+2 + PO +OH
Fe+2POOHFe
+3 +POO + H
+
 
Scheme ‎1.3. Mechanism of oxo-degradation by iron. 
 
These redox reactions amount to a lowering of the activation energy of bimolecular peroxide 
decomposition. This decomposition by a redox couple (a transition metal in two oxidation states) 
will be a factor in both heat and light-induced oxidation. It must be emphasized that metal salt 
additives of this type are not, by themselves, initiators of the oxidation of oxo-biodegradable 
plastics. They do not affect the normal processing or use of conventional polyolefins. The usual 
fabricated products look and act like conventional polyolefin products during storage and use. 
Besides, they can be recycled in the normal ways. In order for transition metal-based pro-
degradants to demonstrate their benefits, initiation of oxidation of the polyolefins must occur due to 
one or more of the following factors in the disposal environment. These factors are heat, UV light 
(unfiltered sunlight) and mechanical stress. Usually there is a combination of these factors 
operating in the environment
29,30
. Thus, material degrades by a free radical chain reaction involving 
oxygen from the atmosphere. The primary products are hydroperoxides, which can either 
thermolyse or photolyse under the catalytic action of a pro-degradant, leading to chain scission and 
the production of low molecular mass oxidation products such as carboxylic acids, alcohols, 
ketones and low molecular mass hydrocarbon waxes
31
. The rate of degradation depends on the type 
of polymer, type and amount of the additives, temperature and other conditions. As the fate of the 
remains of degraded polymers containing such additives in the soil is unknown, systematic research 
is needed in this direction. 
Oxobiodegradable polyolefins designed for a single-use or a short-service life, in contrast, will 
begin to oxidize immediately after being disposed of, because there is no stabilizer present and the 
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rate of peroxidation is greatly enhanced by the presence of the pro-degradant additive. The 
microbially generated heat in a landfill is significant, enough to raise temperatures well above 
ambient air temperatures. In this environment, polyolefins containing these additives oxidize and 
disintegrate readily under conditions that leave conventional additive-free polyolefins virtually 
unchanged. The Environmental Products Inc. (EPI) located in Vancouver, Canada, has developed a 
range of proprietary pro-degradant formulations called Totally Degradable Plastic Additives
®
 
(TDPA). When added to conventional polyolefin resins, TDPA results in controlled product 
lifetimes (before the onset of oxidative degradation) followed by enhanced degradation and 
fragmentation
29,30
. 
Naturally produced polymers, within the limits of their productivity as mention earlier, such as 
starch, lignin, cellulose, PHAs, proteins, etc. are totally biodegradable and also considered as 
possible replacement for petroleum-based polymers in the production of plastics. The following 
sections will be focused on biodegradable polymers. 
 
1.6. Biodegradable Polymers 
Biodegradable polymers are macromolecules that are amenable to chemical modifications when 
exposed to a biological environment, transforming the polymer into fragments of lower molar 
mass
32
. ―Biodegradable polymers‖ or ―compostable polymers‖ were first commercially introduced 
in the 1980s. These first-generation of the so called "biodegradable plastic products" were based on 
a conventional polymers, usually polyolefins (e.g. PE or PP) mixed together with starch or some 
other organic substance. When starch was consumed by the microorganisms, the products were 
broken down, leaving small fragments of polyolefin, which were not susceptible to 
biodegradation
33
. 
Biodegradable polymers can be divided according to their source or method of their preparation. 
On the basis of origin, biodegradable polymers are derived from renewable and petrochemical 
resources. 
Biodegradable plastics are generally more expensive than their synthetic petro-based counterparts. 
However, efforts are continuing to produce these polymers at a more competitive price. As natural 
oil and gas reserves are rapidly depleting, the future prices of these raw materials are expected to 
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rise significantly. This would provide a window of opportunity for biobased biodegradable 
polymers to be more competitive. However, one may comments that once alternative energy 
resources might be used, the fossil fuel based polymers and plastics will continue to be present and 
eventually consumed to fill the increasing needs for commodities. 
Biodegradable polymers from renewable resources include: polylactide (PLA), 
polyhydroxyalkanoates: poly(3-hydroxybutyrate) (PHB), thermoplastic starch (TPS), cellulose, 
chitosan and proteins. Biodegradable polymers from petroleum sources comprise: aliphatic 
polyesters and copolyesters (e.g. poly(butylene succinate) (PBS)); poly(butylene succinate/adipate) 
(PBSA), aromatic copolyesters (e.g. poly(butylene adipate terephthalate) (PBAT)), poly(ε-
caprolactone) (PCL), poly(esteramide)s (PEA) and poly(vinyl alcohol) (PVA). 
There are three ways by which polymers are produced and/or recovered from renewable resources: 
1. Polymers that are synthesized by nature and may be modified before their processing (e.g. 
starch, chitin, pectin, etc); 
2. Polymers that are produced by chemical polymerization of monomers obtained by fermentation 
of biobased substrates (e.g. polylactic acid derived from starch). 
3. Polymers synthesized by microorganisms and stored within the cells in response to certain 
nutrient conditioning in the fermentation media or polymers produced by genetically modified 
crops [poly(hydroxyalkanoate)s]. 
In general, on the basis of methods of preparation, biodegradable polymeric materials can be 
prepared via: 
1. Conventional synthetic routes: 
• Polymerization from non-renewable monomer feedstock, e.g. PCL. 
• Polymerization from renewable monomer feedstock, e.g. PLA. 
2. Biotechnological routed (extraction, fermentation), e.g. poly(hydroxybutyrate-co 
hydroxyvalerate) (PHBV). 
3. Preparation directly from biomass, e.g. plants-starch, cellulose. 
4. Blending, e.g. starch-PCL blends. 
Blending of biodegradable polymers is very often used to improve the properties of polymeric 
materials and contain the cost of the blend. The blended polymers could be of renewable or 
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petrochemical origin, or both
33
. Because PHAs are the most promising of the biodegradable 
polymers with comparable properties to synthetic polymers, most of discussion in the later section 
would be limited to these emerging polymers. 
 
1.7. Polyhydroxyalkanoates (PHAs) 
Polyhydroxyalkanoates (PHAs) are fully biodegradable linear polyesters which are accumulated by 
several micro-organisms as carbon and energy reserves
34
. Tabel 1.2 and Scheme 1.4 shows the 
generic formula for PHAs where x is from 0 to 4 for all commercially relevant polymers and R can 
be hydrogen or hydrocarbon chains of up to C15 in length
35
. PHAs are synthesized by many gram-
positive and gram-negative from at least 75 different bacteria. 
 
Table ‎1.2: Structure of PHAs and some representative members. 
X R Polymers 
0 methyl Poly(lactic acid) 
1 
hydrogen Poly(3-hydroxypropionate) 
methyl Poly(3-hydroxybutyrate) 
ethyl Poly(3-hydroxyvalerate) 
propyl Poly(3-hydroxyhexanoate) 
pentyl Poly(3-hydroxyoctanoate) 
nonyl Poly(3-ydroxydodecanoate) 
2 
hydrogen Poly(4-hydroxybutyrate) 
methyl Poly(4-hydroxyvalerate) 
3 
hydrogen Poly(5-hydroxyvalerate) 
methyl Poly(5-hydroxyhexanoate) 
4 hexyl Poly(6-ydroxydodecanoate) 
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Scheme ‎1.4. Structure of poly(hydroxyalkanoates)s. 
 
Mechanical properties of PHAs make them suitable replacements for petrochemicals, but in 
contrast to these commodity plastics, PHAs are completely degradable to carbon dioxide, water and 
cell biomass through microbiological mineralization process. Bacteria used for the PHAs 
production can be divided into two groups based on the culture conditions required for the ways 
they operate
36-38
. The first group of bacteria requires the limitation of an essential nutrient such as 
nitrogen, phosphorous, magnesium or sulfur for the synthesis of PHA from an excess carbon 
source. The following bacteria are included in this group: Alcaligenes eutrophus, Protomonas 
extorquens and Protomonas oleovorans. The second group of bacteria, which includes Alcaligenes 
latus, a mutant strain of Azotobacter vinelandii, and recombinant Escherichia coli, do not require 
nutrient limitation for PHA synthesis and can accumulate polymer during growth. 
Large chemical companies such as Imperial Chemical Industries (ICI) developed ways to produce 
PHAs. In the case of PHB, however, the bacterium Ralstonia eutropha converts sugar directly into 
polymers. Usually, PHA naturally accumulates within the microbes in the form of granules 
accounting for up to 90 % of a single cell mass. Recently, Yu et al
39
 described the kinetics of PHA 
granule formation in a batch submersed culture. At about the same time, Tohyama et al.
40
 extended 
the quantitative description of process kinetic to a mixed culture in a fed-batch process. 
PHAs exist as discrete inclusions that are typically 0.2 ~0.5 mm in diameter localized in the cell 
cytoplasm
41
. The PHAs molecular weights range from 2x10
5
 to 3x10
6
, depending on the 
microorganism and the growth conditions. 
PLA and PHB and its copolymers PHBV, are the best known representatives of PHA family. These 
polyesters have attracted widespread attention, as environmentally friendly polymers, which can be 
used in a wide range of agricultural, industrial, and medical applications. 
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In the 1920s, French bacteriologist Lemoigne discovered an aliphatic polyester named PHB as a 
granular component in bacterial cells
42
 that have the ability to produce and polymerize the 
monomer [R]-3-hydroxybutyric acid. The repeating unit of PHB has a chiral centre and the 
polymer is optically active. This is very important for their physical properties and activates of the 
enzymes involved in their biosynthesis and biodegradation. 
Copolymers of PHAs vary in the type and proportion of monomers, and are typically random in 
sequence. Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is made up of a random 
arrangement of the monomers R= 1 and R= 2 (see Table 1.3). Poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) (PHBH) consists of the monomers R= 1 (methyl) and R= 3 (propyl) as shown 
in Scheme 1.5. 
 
Table ‎1.3: The structure of basic PHAs and those of commercial interest. 
PHA Side chain R 
PHB -CH3 
P(3HV) -CH2CH3 
PHBV (Biopol®) -CH3 and –CH2CH2CH3 
P(3HB-co-3HHx) (Kaneka), (Nodax®) -CH3 and –(CH2)2CH3 
P(3HB-co-3HO) (Nodax®) -CH3 and –(CH2)4CH3 
P(3HB-co-3HOd) (Nodax®) -CH3 and –(CH2)14CH3 
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Scheme ‎1.5. Chemical structures of PHB, P(3HV) and their copolymer PHBV and PHBHHX. 
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1.7.1. Production of PHAs 
PHAs are produced from a wide variety of substrates that include renewable resources (sucrose, 
starch, cellulose, triacylglycerols), fossil resources (methane, mineral oil, lignite, hard coal), 
byproducts (molasses, whey, glycerol) and chemicals (propionic acid, 4-hydroxybutyric acid) and 
carbon dioxide
43
. Reddy et al
43
 summarized the production of various PHA using natural isolates 
and recombinant bacteria with different substrates. 
There are different approaches and pathways for the synthesis of PHAs. Zimm et al
44
 distinguished 
four biosynthetic approaches to produce PHA: in vitro via PHA-polymerase catalysed 
polymerization, in vivo with batch, fed-batch, and continuous (chemostat) cultures. 
The biosynthetic pathway of PHB, the most important of this family of polymers in A. eutrophus 
(now renamed to Ralstonia eutropha), consists of three enzymatic reactions catalysed by three 
different enzymes
41, 43
 (see Scheme 1.6). 
The first reaction consists of the condensation of two acetyl coenzyme A (acetyl-CoA) molecules 
into acetoacetyl-CoA by -ketoacylCoA thiolase. The second reaction is the reduction of acetoacyl-
CoA to (R)-3-hydroxybutyryl-CoA by an NADPH-dependent acetoacetyl-CoA dehyrogenase. 
Lastly, the (R)-3-hydroxybutyryl-co-A monomers are polymerized into PHB by PHB polymerase. 
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Scheme ‎1.6. PHB biosynthesis in Ralstonia eutropha 
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1.7.2. Properties of PHAs 
PHAs have attracted commercial interest as plastic materials. Their physical properties present 
remarkable similarities with that of synthetic polymers. The major advantage of PHAs is that both 
the physical properties and the rate of degradation can be altered by changing both the bacterial 
source and the corresponding fermentation conditions used. Special growth conditions of 
microorganisms allow inclusion of additional chiral monomers and functional groups to suit 
particular applications. PHAs are insoluble in water and exhibit a high degree of polymerization 
that ranges from 10
5
 to approximately 10
7
. The family of PHA exhibits a wide variety of 
mechanical properties from hard crystalline to elastic, depending on the composition of monomer 
units
41
. PHAs can be either thermoplastic or elastomeric materials, with melting points ranging 
from 40°C to 180°C. Table 1.4 gives an overview of the properties of different PHAs, as well as of 
conventional, petroleum-based polymers for comparison. 
The mechanical properties and biocompatibility of PHAs can be further improved by blending with 
other polymers, modifying the surface or combining PHA with inorganic materials, thus making 
them useful for a wider range of applications
45,46
. It is biocompatible and therefore can be 
implanted in the body without causing inflammations or rejection. Besides, it is nontoxic. The most 
representative of this polymeric family is PHB. The densities of crystalline and amorphous PHB 
are 1.26 and 1.18 g/cm
3, respectively. Mechanical properties of PHB like Young‘s modulus and 
tensile strength are close to that of PP though elongation at break is markedly lower than that of 
PP
41
. This unfortunate aspect of properties poses a limitation on its use as for example on the 
production of flexible film, which is one of the largest uses for biodegradable polymers. As a 
consequence, many attempts to obtain PHAs copolymers based on hydroxybutyrate have been 
carried out to improve its mechanical properties. 
PHB has been widely reported to exhibit ageing on storage at room temperature, which 
consequently increases the degree of brittleness
47
. This embrittlement has been uniquely attributed 
by different authors to be a result of progressive reduction of the amorphous content in the partially 
crystalline polymer and to the development of secondary crystallization (post crystallization). The 
small crystallites produced during the secondary crystallization reduce the mobility of the chain 
segments thus increasing stiffness and embrittling the material. Spherulites are a type of crystal 
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structure occurring in polymers and are characterized by radial growth from a nucleating point 
leading to spherical symmetry.  
 
Table ‎1.4: Properties of some PHAs and conventional, petroleum-based polymers (adapted from 
Castilho L. et al
35
).
a)
 
Polymer Tm 
(
o
C) 
E 
(GPa) 
T 
(MPa) 
EB 
 (%) 
PHB 175-180 3.5-4 40 3-8 
PHBV 
(3 mol% HV) 
170 2.9 38 na 
PHBV 
(20 mol%HV) 
145 1.2 32 50-100 
P(3HB-co-HV) 
(3 mol% HV) 
166 na 28 45 
P(3HB-co-HV) 
(10 mol%HV) 
159 na 24 242 
P(3HO) 61 na 6-10 300-450 
iPP 170-176 1.0-1.7 29.3-38.6 500-900 
HDPE 112-132 0.4-1.0 17.9-33.1 12-700 
LDPE 88-100 0.05-0.1 15.2-78.6 150-600 
PS 80-110 3.0-3.1 50 3-4 
Nylon-6,6 265 2.8 83 60 
a) Tm is melting temperature; E is Young‘s modulus; TS is tensile strength; EB is elongation at 
break; na is not available. 
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However, PHB forms fairly unique spiral sperulites during crystallization. This has been attributed 
to helicoidally twisting crystallites growing at a constant angle to the plane of the crystallizing 
polymer melt
48
. The secondary crystallization of PHB, and its subsequent embrittlement may be 
limited by annealing or by creating specific crystallization conditions to limit spherulite growth
49
. 
 
1.7.3. Biodegradation of PHAs 
Biodegradability is perhaps the most interesting property of PHAs. These biopolyesters are inert, 
water-insoluble, not affected by moisture and indefinitely stable in air
50
. 
PHA depolymerises into soluble monomer or oligomer, which can penetrate into cells in the body 
and are decomposed into compounds that are utilized as nutrients or carbon source. The 
biodegradation mechanism of PHA in a soil, seawater, activated sludge, etc. is essential for 
environmental protection
34
. When the enzyme attacks the water-insoluble PHA, the enzyme first 
adsorbs onto the water insoluble PHA and enzymatic reaction takes place actively. It is noticed that 
the PHA depolymerase is more active in more hydrophilic systems than air or soil. Also, the rate of 
enzymatic degradation of PHB films decrease with an increase in crystallinity, but it is little 
influenced by the size of PHB spherulites. The crystal structure and biodegradation of PHB with 
other aliphatic polyesters are well reviewed by Iwata and Doi
51
. 
The biodegradability of PHAs is influenced not only by their own properties, such as 
stereoregularity, crystallinity, additives, composition and accessibility of their surface to PHA-
depolymerizing enzymes, but also by environmental conditions, such as temperature, moisture 
level, pH and nutrient supply
34
. Bottles made of PHBV are significantly degraded upon incubation 
in aerobic sewage sludge for 8 weeks
52
. 
Biodegradation products of PHAs in aerobic environment are water and carbon dioxide and cell 
biomass, while in anaerobic conditions methane is also produced. PHAs are compostable over a 
wide range of temperature, with a maximum biodegradation rate at around 60
o
C at a relative 
humidity of 55%
43
. In these conditions, 85% of PHAs were degraded in 7 weeks of exposure. The 
copolymer PHBV with various content of 3HV unit showed a weight loss of around 60% after 
exposure of 6 months in natural compost. Other samples of PHBV were totally degraded after 6, 75 
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and 350 weeks in anaerobic sewage, soil and sea water, respectively
53
. The biodegradation of PHB 
in various environments is reported in Table 1.5. 
 
Table ‎1.5: Biodegradation of PHB under various environmental conditions. 
Environmental 
conditions 
Period for 
dissolution of 1 mm 
tick section 
(weeks) 
Average rate of 
surface erosion 
(m/week) 
Period of 100% 
weight loss of 50 m 
film 
(weeks) 
Anaerobic sewage 6 100 0.5 
Aerobic sewage 60 7 7 
Estuarine sediment 40 10 5 
Soil at 25
o
C 75 5 10 
Sea water at 15
o
C 350 1 50 
 
1.7.4. Life Cycle Analysis of Biodegradable Polymers 
It is worth stating again that all the advantages of biodegradable polymers and plastic items can be 
considered extremely limited in a global vision. As an example, the life cycle of compostable 
biodegradable plastic items is represented in Figure 1.4. 
There are also many disadvantages of biodegradable polymers obtained from renewable resources 
including a dominant hydrophilic character, a fast degradation rate and, in some cases, 
unsatisfactory mechanical properties, particularly in environments characterized by a relatively 
high level of humidity. In principle, the properties of natural polymers can be significantly 
improved by blending with synthetic polymers. 
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Figure ‎1.4. Life cycle of compostable, biodegradable plastic items54. 
 
1.7.5. Blending of PHAs 
One of the main reasons for blending of high cost polymeric materials with cheap polymeric 
components are to lower costs. If a blended material of a lower cost can be generated with 
properties meeting the required specifications, it may serve as a competitive feedstock for 
manufacturing plastic products. The usual objective for preparing a novel blend of two or more 
polymers is not to change the properties of the components drastically, but to capitalize and to 
achieve maximum possible performance. Today, many blends have been studied showing 
properties that are able to cover a large spectrum of specific needs. 
To produce high performance and efficient of low cost, several been put forward. These include: 
a) Extending engineering polymer performance, by diluting it with a low cost polymeric material; 
b) Achievement of materials with tailored end properties; 
c) Forming a high performance blend from synergistically interacting polymers; and, 
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d) Recycling industrial and or municipal plastic scraps. 
Morphology is a very important factor affecting the mechanical behavior of the blends, because 
even if no cohesive forces between the components are present, a strong mechanical resistance may 
arise from an interlocked array of the phases. 
A compatible blend is a material characterized by a homogeneous distribution of the different 
macromolecular components. The good mechanical properties of compatible blends are the 
consequence of good intermolecular interactions between the A and B components. Indeed, there 
are no different interactions among A-A, B-B and AB intermolecular interaction. In the case of 
interactions AA, BB and AB the blending of two polymeric components in a coherent blend can be 
obtained by the use of a compatibilizer. Compatibilization is mainly achieved by addition of block 
or graft copolymers, crosslinking the blend components and chemical modification of one or both 
the homopolymers. A compatibilizing agent can be generated in situ or the chemical-physical 
interactions between the two components are induced during the extrusion process
55
. 
PHAs, including PLA, fragile PHB, a flexible copolymer consisting of PHBV, and an elastomeric 
copolymer consisting of 3-hydroxyoctanoate and 3-hydroxyhexanoate may have promising 
applications in packaging. Blending of PHB may results in a decrease of the melting temperature 
that imply the possibility to process the material to lower temperature, avoiding or limiting 
degradation. Tables 1.6 & 1.7 report blends of the most important PHAs with biodegradable and 
non-biodegradable polymers, respectively. 
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Table ‎1.6: Blends of most important PHAs with biodegradable polymers 
Type of PHAs Polymer Miscibility References 
PHB poly(ethylene oxide) Miscible 
56-63
 
PHB Poly(ethylene glycol) Miscible 
64-67
 
 poly(D, L-lactide) Miscible 
68-78
 
P(3HB-co-3HHx) poly(D, L-lactide) Miscible 
79
 
PHB 
synthetic poly(3-
hydroxybutyrate) PHB 
Miscible 
80-83
 
PHB poly(3HB-co-3HV) Miscible 
84-90
 
PHB 
Polysaccharides as (cellulose 
acetate butyrate or (cellulose 
acetate propionate 
Miscible 
91-96
 
PHB Cellulose paper Immiscible 
97
 
PHB 
Poly(hydroxyl ether of 
bisphenol A) (Phenoxy) 
Miscible 
98
 
PHB Chitosan & Chitin Miscible 
99-101
 
PHB, PHBV 
 
Chitosan & Chitin Miscible 
102
 
PHB Lignin Miscible 
103-105
 
PHB, PHBV Lignin Miscible 
106
 
PHB 
Poly(ethylene succinate) 
(PES) 
Miscible 
107, 108
 
PHB Cellulose propionate Miscible 
91, 109
 
PHB Cellulose acetate Miscible 
96, 110, 111
 
PHB 
Poly(ε-caprolactone-co-
lactide) 
Miscible 
72
 
PHB Natural fiber & flax fiber Miscible 
112-114
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PHB Starch & starch acetate Immiscible 
115-117
 
PHBV Starch & starch acetate Immiscible 
118, 119
 
PHB 
Poly(vinylacetate) grafted 
starch 
miscible 
120
 
PHB Poly(ε-caprolactone) 
Immiscible in 
amorphous 
phase 
121-124
 
PHBV Poly(ε-caprolactone) 
Miscibility 
depend on the 
method 
125
 
PHB Ethyl cellulose (EC) 
Partially 
miscible 
95
 
PHB Poly(vinyl alcohol) 
Partially 
miscible 
126-129
 
PHB Poly(glutamate) Immiscible 
130
 
PHB 
Poly(butylene succinate-co-
butylene adipate) (PBSA) 
& Poly(butylene succinate-co-
ε-caprolactone) (PBSC) 
Immiscible 
131-133
 
PHB Poly(cis-1,4-isoprene) Immiscible 
134
 
PHB Poly (p-dioxanone) (PPD) Immiscible 
135
 
PLA Chitosan & Chitin Immiscible 
136
 
PLA Lignin 
Miscible only at 
a macroscopic 
level 
137
 
PLA poly(ε-caprolactone) Immiscible 
138
 
PLA poly(hydroxyoctanoate)  Immiscible 
139
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Table ‎1.7: Blends of most important PHAs with non-biodegradable polymers 
Type of PHAs Polymer Miscibility References 
PHB Polyethers Miscible 
55
 
PHB Poly(ethylene-co-vinyl acetate) Miscible 
140-143
 
PHB poly(methylmethacrylate) Miscible 
141, 144-150
 
PHB poly(vinyl acetate) Miscible 
151-158
 
PHB poly(vinylphenol) Miscible 
98, 159-161
 
PHB poly(vinylidene fluoride) Miscible 
162-164
 
PHB 
poly(vinylidene chloride-co-
acrylonitrile) 
Miscible 
165, 166
 
PHB, PHBV 
poly(epichlorohydrin-co-ethylene 
oxide) 
Miscible 
167
 
PHB poly(cyclohexylmethacrylate) Miscible 
141
 
PHB 
poly(epichlorohydrin) (PEC) or 
Poly(oxy-2-chloromethyl-ethylene) 
Misciblilty affect 
by M.wt of PEC 
168-171
 
PHB Poly(propyleneoxide) (PPO) Miscible 
55
 
PHB Poly(styrene–co-vinyl phenol) Miscible 
172, 173
 
PHB ethylene-propylene rubber Partially miscible 
152, 174, 175
 
PHB Poly(vinylacetate-co-vinyl alcohol) Partially miscible 
143
 
PHB poly(ethylene) Immiscible 
176
 
PHB Poly(methylene oxide) Immiscible 
177
 
PHB Poly(tetramethyleneoxide) Immiscible 
55
 
PHB Poly(cyclohexyl methacrylate) Immiscible 
141
 
PHB 
Poly(3-hydroxypropionic acid) 
(P(3HP)) 
Immiscible 
178
 
PHB Poly(ethylene) Immiscible 
176, 179-181
 
PHB, PHBV Poly(ethylene) Immiscible 
182
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PHB Poly(propylene) Immiscible 
156, 180, 183, 184
 
PHB poly(propylene carbonate) 
Miscibility 
depend on the 
composition 
185
 
PHB 
Poly[Acrylonitrile-g-(ethylene-co-
propylene-co-diene)-g-styrene] 
Immiscible 
186
 
PHB 
poly(ethylene terephthalate-co-1,4-
cyclohexenedimethanol 
terephthalate) (PETG) 
Immiscible 
187
 
PHBV Poly(vinyl chloride) (PVC) 
Miscibility 
depend on the 
amount of HV 
188
 
PHBV 
Poly(acrylonitrile-co-butadiene-co-
styrene) 
Immiscible 
140
 
PLA poly(vinyl acetate) Miscible 
189
 
PLA poly(vinyl acetate-co-vinyl alcohol) Immiscible 
189
 
PLA Polymethacrylate Miscible 
190-192
 
PLA poly(vinylphenol) Miscible 
193, 194
 
PLA 
poly(butylene adipate terphthalate) 
(PBAT) 
Immiscible 
195
 
PLA poly(butylene succinate) Immiscible 
196
 
PLA 
poly(butylene succinate-co-ε-
caprolactone) 
Miscibile with 
compatibilizer 
197
 
 
1.7.5.1.  PHB Blends 
The main strategy to improve physical properties of PHB is the incorporation of other 
hydroxyalkanoates units by copolymerization. Random copolymers of PHB with other 
hydroxyalkanoate units having different chain length (3-14 carbon atoms) have been reported with 
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a major content of poly (hydroxybutyrate-co-valerate) and poly (hydroxybutyrate-co-hexanoate) 
copolymers. Table 1.8 shows the properties of typical PHA copolymers with different valerate 
content. It is evident that impact and elongation at break improve considerably with addition of 
valerate component in the PHB chain. However, this is a costly technique, increasing the cost of the 
copolymers significantly. 
 
Table ‎1.8: Physical properties of PHBV copolymers198, 199 
Valerate 
content 
(%) 
Tg 
(
o
C) 
Tm 
(
o
C) 
Tensile 
strength 
(MPa) 
Young's 
modulus 
(GPa) 
Elongation 
at break 
(%) 
Notched 
Izod 
impact 
(J/m) 
0 4 177 40 3.5 6 50 
3 8 170 38 2.9 - 60 
9 6 162 37 1.9 - 95 
14 4 150 35 1.5 - 120 
20 -1 145 32 1.2 50 200 
25 -6 137 30 0.7 - 400 
 
Saad
200
 studied the miscibility, melting and crystallization behavior of PHB and oligo[(R,S)-3-
hydroxybutyrate]-diol (oligo-HB) blends using DSC. It was found that blends containing up to 60 
wt% oligo-HB showed a behavior characteristic of single-phase amorphous glasses with Tg values 
dependent on the composition and a depression in the equilibrium melting temperature of PHB. 
The negative value of the interaction parameter, determined from the equilibrium melting 
depression, confirmed miscibility between the blend components. In parallel studies, glass 
transition relaxations of different melt-crystallized polymer blends containing 0–20 wt% oligo-HB 
were dielectrically investigated between -70
o
C and 120
o
C in the 100 Hz-50 kHz range. The results 
revealed the existence of single relaxation process for blends, indicating miscibility between the 
amorphous fractions of PHB and oligo-HB. 
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Yoshie et al
201
 studied solid-state structures and crystallization kinetics of PHBV and its blends 
with PHB and discovered that PHB and HV segments can co-crystallize. The content in the co-
crystalline phase was determined by high-resolution solid-state 
13
C NMR spectroscopy. As co-
crystallizable components, the blends showed complete co-crystallization. On the other hand, the 
PHB/PHBV blends forming a PHB-rich crystalline phase had a thicker amorphous layer than that 
of the PHBV copolymers with the same overall HV content. 
Conti et al
202
 studied miscibility, molecular interactions and crystallinity of blends of PHB with 
PHBV. PHB/PHBV (6%HV) blends were prepared by casting and characterized by DSC and XRD. 
The DSC and XRD analyses showed that both biopolymers presented high crystallinity degrees. 
The DSC analyses showed that the PHB has higher crystallinity than the PHBV (6%HV), which 
was in good agreement with XRD results. On the other hand, the PHB/PHBV (6%HV) blends 
presented practically the same crystallinity degree than neat PHB. These results are due to presence 
of only 6 mol% of HV in the copolymer. The increase of the PHBV (6%HV) content in the blends 
caused a decrease in the Tg and an increase in the Tc, probably due to the fact that the 
crystallization occurs in the PHB easier than in the copolymer. Also, it was verified that the PHB, 
the PHBV (6%HV) and their blends showed two melting peaks due to processes of melting, 
recrystallization and remelting. Also, observed was a linear relation between the melting peaks 
temperatures versus copolymer content, indicating miscibility in the melting and co-crystallization 
of the components in the blend. This co-crystallization was a strong factor indicative of miscibility. 
 
1.7.5.2.  PLA Blends 
PLA/PHB blends have been studied with the aim of producing PLA-based materials with a wide 
range of physical properties and improved processibility. 
Ohkoshi et al
203
 and Koyama and Doi
73
 studied the miscibility of binary blends of PHB with PLA 
of various molecular weights (Mw) using DSC analysis, which revealed that the morphology of 
blends was strongly dependent on the Mw of the PLA component. In the case of Mw values over 
20,000 g/mol, two phases were observed in the melt at 200
o
C. On the other hand, the blends of 
PHB with PLA of Mw values below 18,000 g/mol were miscible in the melt over the whole 
composition range. On the basis of the relationship between the miscibility of blends and the 
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molecular weight of the PLA component, the difference in the solubility parameters of the blend 
components in the Flory–Huggins equation was estimated to be 0.34 J cm–3. 
Ohkoshi et al
203
 studied the miscibility and phase morphology of binary blends of PLA with atactic 
poly[(R,S)-3-hydroxybutyrate] (aPHB) of different Mw using DSC and optical microscopy (OM). 
DSC traces of blends containing from 0 to 50 wt% of aPHB with 9400 g/mol Mw showed a single 
glass transition temperature (Tg) after melting at 200
o
C. Its value decreased from 59
o
C to 10
o
C with 
aPHB content increasing, indicating that these two polymers are miscible in the melt at 200
o
C for 
composition containing up to 50 wt% of aPHB. In contrast, blends with aPHB 140kDa Mw showed 
two Tg, indicating immiscibility in the melt. Besides, the radial growth rate of PLA spherulites was 
accelerated by the addition of low Mw aPHB. X-ray results showed that the level of crystallinity of 
the PLA component in the melt-crystallized films was increased by the addition of a small amount 
of aPHB component, suggesting that the addition of polymer facilitated crystallization of PLA 
component in the binary blends thus acting as a nucleant. Moreover, the lamellar thickness of PLA 
crystals decreased slightly with aPHB content increase. This probably was due to incorporation of 
aPHB into the interlamellar region of PLA spherulites. The relaxation phenomena were detected at 
two different temperatures in the dynamic mechanical traces for PLA/aPHB blends containing 
aPHB contents over 15 wt%, crystallized at 120
o
C. This observation suggested to the authors that 
the partial phase separation of two components occurred in the amorphous phase during the 
isothermal crystallization process. 
Gao et al
204
 blended poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) and PLA at 
different ratios in an attempt to form a biomaterial with suitable properties for nerve regeneration. 
FT-IR and X-ray analysis showed that the blending of the PLA component did not alter the helical 
structure of PHBHHx, but did lead to a reduction of crystallinity. DSC analysis indicated that the 
two polymers were immiscible in the melt. However, the mechanical properties were improved 
significantly, as they relate to nerve regeneration. Blends consisting of PLA/PHBHHx at ratios of 
2:1 and 1:2 exhibited lower elastic modulus and higher elongation at break compared with neat 
PLA. The amount of fibronectin adsorbed on composite films was much higher than on the 
unblended PLA film. These results demonstrated the feasibility of using PLA/PHBHHx blended 
materials for biomedical applications. 
1. Introduction 
 35 
Zhang et al
71
 reported that PHB/PLA blends prepared by solvent casting film at room temperature 
were immiscible over the range of compositions studied, while the melt-blended material showed 
some evidence of miscibility. The crystallization of PHB in the blends was affected by the level of 
PLA addition. The thermal history caused a depression on the melting point and a decrease in the 
crystallinity of PHB in the blends. Compared with plain PHB, the blends exhibited an improvement 
in mechanical properties. 
Kikkawa et al
205
 prepared thin films of PLA/aPHB blends with different miscibility and 
characterized using DSC and atomic force microscopy (AFM). In the miscible blend, a 
homogeneous flat surface was generated; whereas phase separated morphology was recognized in 
the partially miscible and immiscible blend films. Among the blends with different miscibility, the 
degradation in the miscible blends was assisted by the enhanced molecular mobility of PLA chains 
and showed a degradation rate faster than that of immiscible and partially miscible blends. Thus, 
enzymatic degradation rates was affected by the phase structures and their mechanism were 
proposed, explaining the phenomena in terms of molecular mobility and retardation effect. 
Wang et al
206
 reported results of mechanical, thermal properties and biodegradation of 
70%PDLA/30%PHBV/PEG blends. The mechanical performances became better with the PEG 
addition. The notched Izod impact strength increased about 400% and the elongation at break 
increased from 2.1% to 237%. 
On the other hand, the PHBV thermal stability was improved in the presence of PDLA. In addition, 
thermal analysis brought other details such as: (i) either the PHBV and its blends crystallinities 
prominently decreased with the PDLA addition, (ii) the increasing PEG content made much higher 
the PHBV phase crystallinity, (iii) the blocking of the PHBV crystallization process and the change 
in its crystallization kinetics following the PDLA addition, (iv) the PEG plasticizer effect that 
exerted as positive influence on the PHBV chain mobility, showing a better packing of the chains 
and improving the material crystallization capacity. 
Biodegradation test in the soil, at room temperature and simulating the real compost environment, 
showed that PEG addition notably accelerates this process in the blends, reaching a mass loss of 
about 20% after 30 days of the storage. 
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The environmental degradation, rate grew simultaneously with increasing PEG content in the 
blends. This result was explained on the base of water-solubility giving a hydrophilic character to 
the blends. The absorbed water would be responsible of the hydrolysis reaction of both PHBV and 
PDLLA. Therefore, blending materials with different degradation rates could be obtained by 
adjusting the ratio of PDLLA/PHBV/PEG. Increasing PEG content also caused morphological 
change in the surfaces of PDLLA, PHB and their blends
206
.  
PLA was blended with chemically modified poly(hydroxyoctanoate) (mPHO) using a twin-screw 
mixer. The two components had different viscosities and so mPHO reacted with hexamethylene 
diisocyanate (HDI). This reactant acted as a chain extentder producing high Mw mPHO derivative, 
and improving its compatibility and processability with PLA. The number average and weight 
average Mws of the mPHO, reacted with HDI (0.55 wt-%), were increased and compared with 
those of the unmodified PHO. Rheological, thermal, and mechanical properties of the blends were 
evaluated. Infrared spectra confirmed the formation of the urethane linkages in mPHO. Shear 
viscosity as a function of shear rate or shear stress decreased with increased mPHO content. These 
results indicated that the PLA/mPHO blends presented shear-thinning behaviour as per the power-
law model. It was observed from DSC analysis that the two components in the blends were in two 
separated phases confirming their immiscibility. Tensile results indicated that the strength of blends 
decreased with mPHO content increasing up to 80%. A decrease in the elastic modulus, as well as 
an increase in the elongation at break, depended on the mPHO content in the blend. Results of 
aging tests showed that the mechanical properties of the blends dropped more effectively at a 
higher PLA level in samples
139
. 
 
1.7.5.3. PCL Blends 
Blends of poly--caprolactone (PCL) and PHB or PHBV are very interesting due to their 
technological properties and their inherent biocompatibility and biodegradability. Kumagai and 
Doi
207
 have investigated the miscibility, morphology and biodegradability of such blends. These 
authors, in agreement with subsequent studies performed by Owen and Gassner
208
, found that PHB 
and PCL are immiscible in the amorphous state. Although PHB and PCL are immiscible on the 
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molecular scale, a small amount of miscibility of one component into the other has been suggested 
to explain the depression of the melting point in the blends. 
In general, PCL acts as a polymeric plasticizer (i.e. it lowers the Tg and hence the elastic modulus 
making a material more flexible). From dynamic-mechanical measurements, it was inferred that for 
a PCL content of 60% and above, the PCL phase forms a continuous matrix, with PHB spherulites 
embedded in it. 
Notwithstanding PCL and PHB physically blended are compatible, no synergetic effects have been 
found that could be exploited to obtain a material with better performances than those of the 
individual components. To induce compatibilization the approach of reactive blending of PCL and 
PHBV has been undertaken
209
. The two polymers were melting mixed by adding peroxide [(i.e. 
dibenzoylperoxide (DBPO) and dicumylperoxide (DCPO)]. According to the type of peroxide, two 
different temperatures were employed in the blend preparation. The same blend compositions have 
been prepared in absence of peroxide for comparative purpose. Changes of the thermal properties 
of the PHBV (in particular the apparent melting point Tm) suggested that DCPO induces some 
structural change in PHBV. As matter of fact, PHBV is by far more soluble in chlorinated solvents 
after DCPO treatment, indicating the formation of crosslink by radical reactions. The same 
phenomenon is present in PHBV-matrix blends, while it is absent in PCL-matrix blends, since the 
peroxide seems to have no influence on the PCL melting point as well as on its solubility 
characteristics. Beyond calorimetric analysis, spectroscopic and morphological investigations of the 
reactive PHBV/PCL blends have evidenced the existence of a graft copolymeric phase in the 
interfacial regions between the polymers. 
La Cara et al
210
 studied the biodegradation of homopolymers (PCL/PHB 70/30) treated with 
peroxide. The PCL/PHB blend showed that, after 20 days of incubation, spheres of PCL were 
bordering with spherulites of PHB indicating complete degradation. In both neat BHB and blend, 
PHB-phase crystallinity increased, while PCL fraction remains almost invariant. 
 
1.7.5.4.  Chitosan and Chitin Blends 
Ikejima et al
99
 developed films by blending microbial PHB with chitin and chitosan to produce 
completely biodegradable polyester/polysaccharide material. DSC revealed that the crystallization 
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of PHB in these blends was suppressed when the proportion of polysaccharide was increased. The 
same tendency was evident from the FTIR band intensity of the carbonyl stretching absorption 
peaks corresponding to PHB. Chitosan was found to have a stronger ability to suppress the 
crystallization of PHB than chitin. PHB in the blends was found by 
13
C NMR spectroscopy to be 
trapped in the "glassy" bulk of the polysaccharide. Upon blending with PHB, the chitosan 
resonances are significantly broadened as compared to the chitin resonances. It was suggested that 
hydrogen bonds may be formed between the carbonyl groups of PHB and the amide NH groups of 
chitin and chitosan. The crystallization behavior and environmental biodegradability were also 
investigated for the films of bacterial PHB blends with chitin and chitosan
100
. Films of the blends 
showed XRD peaks bound to the PHB crystalline component. It was suggested that the lamellar 
thickness of the PHB crystalline component in the blends was large enough to show detectable 
XRD peaks, but was too small to show an observable melting endotherm in the DSC traces and the 
crystalline band absorption in the FTIR spectrum. In the PHB/chitin and PHB/chitosan blends, 
thermal transition temperatures of PHB amorphous regions observed by DMTA were almost the 
same as that of neat PHB. Films obtained from both types of blends biodegraded in environmental 
medium. Several films of the blends showed faster biodegradation than the neat component 
polymers. 
Cheung et al
101
 studied the phase structure of PHB/chitosan and PHBV/chitosan blends using 
1
H 
CRAMPS (Combined Rotation and Multiple Pulse Spectroscopy). Based on the NMR and DSC 
results, PHB/chitosan and PHBHV/chitosan are intimately mixed at all compositions. DSC showed 
that the depression of Tm with respect to that of neat PHB, which is indicative of strong 
intermolecular interactions between PHB and chitosan, and probably thinner lamellar thickness of 
the PHB crystals. The degree of crystallinity decreases with increasing wt-% of chitosan in the 
blend. 
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1.7.6. Blending PHAs with Synthetic Polymers 
1.7.6.1.  Maleated Rubber Blends 
Parulekar and Mohanty
211
 successfully developed novel toughened PHB based green materials 
through reactive extrusion of PHB and functionalized natural rubber as compatibilizer followed by 
injection molding. Maleated rubber having a fairly high content of grafted maleic anhydride (MAn) 
and low molecular weight was found to be an effective compatibilizer whereas the maleated rubber 
at low MAn grafting and high molecular weight did not show any significant effect in improving 
the impact strength of the PHB-rubber blend. The toughened and compatibilized blends presented 
impact resistance 440% better with only 50% loss in modulus when compared to neat PHB. 
Besides, the value obtained for impact strength was superior to some grades of thermoplastic 
polyolefin (TPO) and high-impact polystyrene (HIPS). 
 
1.7.6.2.  Ethylene-Propylene Rubber (EPR) Blends 
Blends constituted by PHB and EPR are reported to be completely immiscible in the melt
152
. 
Particularly, the Tg values for both PHB and EPR components did not changes with blend 
composition. Moreover, no change in the radial growth rate of spherulites occurred with increasing 
EPR content, whereas crystallinity of the PHB phase was only slightly influenced by blend 
composition. The resulting morphology consisted in PHB spherulites occluding particles of EPR in 
intra-spherulitic regions. The tensile properties of PHB/EPR and PHB/modified-EPR blends were 
examined by Abbate et al
174
. EPR was modified by inserting: 
i) Succinic anhydride (EPR-g-SA) and dibutylmaleate (EPR-g-DBM) groups. 
ii) Ethylene vinylacetate copolymer (EVA) modified by a partial hydrolysis of the acetate 
groups in EVOH. 
The authors found that blends containing modified rubber with respect to PHB/unmodified EPR 
had the best mechanical properties (elongation and tensile strength). 
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1.7.6.3.  Vinylidene Chloride Blends 
Gonzalez et al
166
 investigated the CO2 transport properties in a PHB blend with a miscible second 
component based on a copolymer of vinylidene chloride (VDC) and acrylonitrile (AN) units (VDC-
co-AN). All the investigated blends appeared rubbery in character, allowing a reasonable strategy 
to toughing PHB without impairing its original biodegradability. Blends prepared by mixing PHB 
and the VDC-co-AN copolymer containing 32% mole percent of AN units were miscible over a 
range of composition. The blends showed a single glass transition temperature, and a clear PHB 
melting point depression. The miscibility was attributed to the dipole-dipole interaction between 
the carbonyl group of PHB and chloride atoms or nitrile groups of VDC-co-AN copolymer. The 
solubility, diffusivity and permeability of CO2 in PHB blends containing up to 50% of the VDC-co-
AN copolymer had low gas permeability which was mainly due to the substantially low diffusivity 
values. 
 
1.7.6.4.  Dendritic Polyester Oligomers or Dendrimers Blends 
Xu et al
212
 blended PHB with various dendritic polyester oligomers with Mw 5800 g/mol (or 
dendrimers) using solution casting. Flexible films were obtained due to the plasticizing effect of the 
dendrimer molecules. DSC and TGA results showed that the addition of the dendrimers causes not 
only increase of Tg in the amorphous phase, but also the increase of crystal structural organization 
and thus Tm. Besides, dendrimers improved the thermal stability of PHB component. These results 
were interpreted on the basis of the formation of weak intermolecular hydrogen bonds between the 
hydroxyl groups of the dendrimers and carbonyl groups of PHB. However, this interaction between 
PHB and flexible dendrimers reduces on the contrary the crystallization degree. 
 
1.7.6.5.  Maleic Anhydride Blends 
Souza et al
213
 modified PHB by reacting with maleic anhydride (MAn) at a fixed proportion 
(90/10) following a statistical experimental design. The variables studied were temperature, time 
and the concentration of triethylamine. The hypothesis was that transesterification reaction 
conditions play an important role in the incorporation of MAn units into the PHB chains. Results 
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obtained from DSC and TG analysis allowed to define the most adequate reaction conditions. The 
best reaction conditions were at a temperature of 110 °C, for 1 h with the transesterification catalyst 
(triethylamine) at 5% concentration. 
 
1.7.6.6.  Polyolefin Blends 
Several efforts have been reported in the literatures about the blending of the PHB with polyolefins. 
Ol'Khov et al
214
 examined the structural and morphological peculiarities of extruded blend 
compositions based on LDPE and PHB, with a content of this last comprised between 0 and 32 
wt%. The blend components are thermodynamically incompatible and form the proper 
morphological elements with good visible interfaces between the disperse phase PHB and the 
continuous matrix LDPE. Extruded films showed that, blend components affect each other, as seen 
in the decrease of the crystallinity of both PHB and LDPE. The authors observed that LDPE 
matrix, independently of composition, was reinforced by alternative band like and cylinder like 
fibrils of PHB. 
Rosa et al
215
 prepared blends of PHB and LDPE in proportions of 100/0, 75/25, 50/50, 27/75 and 
0/100, with and without oxidized polyethylene wax (OPW, 5 wt-%) as compatibilizer. The addition 
of OPW increased the tensile strength and Young‘s modulus but decreased the elongation at break 
of the blends. Similarly, OPW increased the Tg of the neat LDPE and enhanced the melt flow 
index. SEM showed that OPW reduced the phase separation of LDPE and increased the 
biodegradation during aging in simulated soil with the effect being greatest for the blend containing 
25% LDPE. 
 Bahari et al
216
 investigated the effect of reaction time, dose and temperature in pre-irradiation 
grafting of styrene (St) onto PHB and PHBV, and the properties of the grafted material by using 
simultaneous irradiation and pre-irradiation techniques with 
60
Co -rays. At a temperature of 25 oC, 
grafting starts to occur actively and the propagating radicals are stable even at high temperatures 
such as 50°C and 70°C. 
Gonzalez et al
172
 studied the blends of styrene–vinyl phenol copolymers (St-co-VPh) (containing 
different amounts of styrene) with atactic PHB by using FTIR to determine inter-association 
equilibrium constants (KA) values. KA showed a dependence on the styrene content copolymer. 
PhD Thesis – Mohamed Ahmed Abdelwahab 
 42 
Martelli et al
217
 studied the blends of LDPE with PHB with added pro-degradant that were buried 
in soil (SB) for 180 days and characterized using TGA and DSC. TGA data showed that both the 
onset and the maximum rate degradation temperatures decreased as a function of biodegradation 
time. Apparent activation energies (Ea), using the Broido integral method, decreased with the 
burial time increasing. PE crystallinity degree values increased up to 2 months of biodegradation. 
At the end of the SB test these values decreased principally for samples that were previously 
thermo-oxidized in an oven. 
 
1.7.6.7.  Poly(vinyl acetate) Blends 
Greco and Martuscelli
152
 prepared blends of PHB with poly(vinyl acetate) (PVAc) or ethylene-
propylene rubber (EPR) by casting in a chloroform solution. They studied the crystallization and 
thermal behavior of blends of PHB with non-biodegradable and non-crystallizable components 
PVAc or EPR using DSC and, polarized optical microscope. From the glass transition behaviour 
and the equilibrium melting temperature depression, they concluded that PHB/PVAc blends were 
miscible whereas PHB/EPR blends were immiscible. 
An et al
153,154
 reported both isothermal and nonisothermal crystallization and melting behavior of 
the PHB/PVAc blends. On both crystallization methods, they observed multiple melting 
endotherms caused by melting and crystallization during DSC heating run. On the other hand, Hay 
and Sharma
155
, found an anomalous crystallization behavior on this kind of blend. They verified 
that at temperatures close to the melting point, the rates of bulk crystallization, as measured by 
DSC, increased with PVAc content, due to an increase in the nucleation density produced in 
blending with PVAc. They explained that due to microbial nature of PHB, it contains traces of 
impurities, which can act as nuclei for crystallization. Blending with PVAc was considered as an 
addition of impurities with a resulting increase in nucleation density in the blends. 
Chiu et al
151
 investigated the crystalline morphology of the blends by small angle X-ray scattering 
(SAXS) at four crystallization temperatures. When PVAc content was less than or equal to 20 wt%, 
the morphology was predominantly characterized by the interlamellar segregation and beyond this 
composition interlamellar and interfibrillar segregation coexisted. The extent of interfibrillar 
segregation increased with increasing PVAc content and crystallization temperature. 
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Shafee
157
 investigated the phase structure of the PHB/PVAc blends using dielectric relaxation 
spectroscopy to investigate the glass-rubber relaxation characteristics and corresponding phase 
separation in cold crystallized blends as a function of blend composition and crystallization 
conditions. 
Wang et al
156
 investigate the effect of PVAc on thermal behavior and mechanical properties of 
PHB/poly(propylene carbonate) (PHB/PPC) blends. The results show that the melting point and the 
crystallization temperature of PHB in the blends decreased with increasing of PVAc content, and 
the loss factor changed from two separate peaks on 70PHB/30PPC blend to one peak on 
70PHB/30PPC/12PVAc blend. It was also found that adding PVAc into 70PHB/30PPC blend, the 
size of dispersed phase can decrease as assessed by morphological analysis. The result of tensile 
properties showed that PVAc can increase the tensile strength and Young modulus of the 
70PHB/30PPC blend, and both the elongation at break and the tensile toughness increase 
significantly with PVAc added into 70PHB/30PPC blend. 
 
1.7.6.8.  Poly(vinyl acetate-co-vinyl alcohol)Blends 
Xing et al
143
 synthesized P(VAc-co-VA) by hydrolysis-alcoholysis of PVAc and investigated the 
miscibility, crystallization and morphology of PHB/P(VAc-co-VA) blends, obtained as films via 
solution casting and analyzed by DSC, OM and SAXS. The P(VAc-co-VA)s with vinyl alcohol 
content of 9, 15 and 22 mol % formed a miscible phase with the amorphous phase of PHB. PHB 
and P(VAc-co-VA9) with low vinyl alcohol content (9 mol%) formed a miscible blend in the melt 
state. WXRD results displayed that the addition of P(VAc-co-VA) did not affect the crystalline 
structure of PHB. On the contrary, blends with copolymer containing 15 mol% of vinyl alcohol did 
not form miscible blends while indicated to be partially miscible in blends with 20 wt% of PHB 
dispersed in the melt state. PHB and P(VAc-co-VA22) with 22 mol% vinyl alcohol were not 
miscible in the whole composition range. 
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1.7.6.9.  Polymethacrylate Blends 
Lotti et al
141
 investigated the miscibility and isothermal crystallization behavior of blends of PHB 
and polymethacrylates such as poly(methyl methacrylate) (PMMA) and poly(cyclohexyl 
methacrylate (PCHMA). They observed the formation of a single phase amorphous glasses with a 
single Tg for PHB/PMMA blends containing up to 20 wt% PHB. Partially crystalline neat PHB 
coexist with a constant-composition when the concentration of PHB exceeds 20 wt%. In such 
blends crystallization of PHB, both isothermally from the melt and with heating from the rubbery 
state depended on the amounts of the PMMA present. In the case of PHB/PCHMA blends, two 
separate phases were present over the composition ranges studied. 
Siciliano et al
144
 investigated the miscibility of PHB and atactic (PMMA) blends as a function of 
blend composition and thermal treatments. The DSC traces showed the presence of a single Tg, 
whereas, that of blends annealed at temperatures in the range 140-170
 o
C displayed the presence of 
two glass transition temperatures. 
Cimmino et al
145
 investigated the morphology, phase structure and crystallization processes of 
PHB/PMMA blends. They found that the two phases separation processes were competing each 
other. The addition of aPMMA always caused a decrease in the spherulite radial growth and overall 
crystallization rates. This was due to the increase in energy related to the transport of the molecules 
in the melt and in the cold crystallization. Besides, aPMMA acts as diluents on the growth of PHB 
crystals. 
An et al
146
 studied the miscibility, crystallization behavior and morphological structure of 
PHB/poly(methacrylate) (PMA) blends by DSC and POM. The chemical repeat units of the two 
components of the blend are isomers (C4H6O2). They indicated that PHB and PMA are miscible in 
the melt and there was depression in the spherulite growth rate of PHB. In another paper of the 
same research group
147
, the interaction parameter between PHB and PMA was estimated to be -
0.074 by using the data of analysis of the equilibrium melting point depression. It was suggested 
that the presence of the amorphous PMA component results in a reduction in the rate of spherulite 
growth of PHB, as observed in the previous study. The spherulites of PHB are volume-filled and 
the PMA is included within the spherulites. 
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1.7.6.10. Poly(vinyl phenol) Blends 
Iriondo et al
159
 investigated thermal properties of poly(vinyl phenol) (PVPh)/PHB blends by DSC 
over the entire range of composition. In all cases, blends showed a unique Tg. The crystallization of 
PHB was prevented by the presence of 40% PVPh. They observed the presence of hydrogen-
bonded carbonyl signals present in infrared spectra, which increased with PVPh fraction, showing 
the extent of specific interactions. They further studied the miscibility of the blends from 
quantitative analysis of hydrogen bonded PHB carbonyl groups as a function of temperature and 
composition by using FTIR spectra
161
. The peak observed around 1709 cm
-1
 was attributed to the 
PHB carbonyl groups, which is hydrogen bonded to the hydroxyl group of PVPh. Number of 
hydrogen bonds increased with increasing PVPh concentration. They concluded that the blend is 
miscible in the whole range of compositions. 
Xing et al
160
 investigated the miscibility and crystallization of PHB and PVPh blends. The 
interaction parameter values, determined from analysis of the melting point depression, were found 
to be large negative values for the blend system. They found from isothermal crystallization 
kinetics using POM, the presence of the amorphous PVPh component resulting in a reduction in the 
rate of spherulite growth of PHB. 
 
1.7.6.11. Poly(epichlorohydrin) Blends 
Paglia et al
168
 reported on the effect of nonbiodegradable, uncrystallizable rubbery blend 
component poly(epichlorohydrin) (PEC) on the crystallization and thermal behavior of PHB. 
Blends were miscible in the amorphous phase, which is thermodynamically stable above the 
equilibrium. 
Finelli et al
169
 also observed by DSC, DMA, and hot-stage POM that PHB and PEC were miscible 
in the melt in all proportions. Isothermal crystallization measurements showed that over the range 
of crystallization temperatures (40
 o
C < Tc < 130 
o
C) and compositions explored (20% < PEC < 
80%), the spherulite radial growth rate decreased with increased PEC content. 
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1.7.7. PHAs Based Polymer Composites 
Composites by definition are the result of a combination of two or more materials (filler or 
reinforcing agent and a compatible matrix binder) to create a new material, which shows better or 
superior properties than the parent constituents, especially in terms of economic value performance. 
Different materials work together to impart unique properties to a resulting composite material. 
Moreover, each component within this material is easily identified; this means, they do not dissolve 
or blend into each other. The matrix in the composite can be a glue, polymer resin etc., while 
examples of reinforcements are fibers, inorganic fillers etc. The key characteristics of composites 
are: 
 Specific strength (the strength to weight ratio ζ/ρ). 
 Specific stiffness or specific modulus (the stiffness-to-weight ratio E/ρ). 
 Tailored material (since composites are composed of two or more "phases". They can be 
formulated to meet the needs of a specific application with considerable ease. 
Composites are not a single material but a family of materials whose stiffness, strength, density, 
and thermal and electrical properties can be tailored. The matrix, the reinforcing material, the 
volume and shape of the reinforcement, the location of the reinforcement, and the fabrication 
method etc. can all be varied to achieve a material of desired properties. 
One of the interesting points to note is the excellent dispersability of fibers achieved in these 
systems compared with synthetic polymers. Tensile properties of alkanoate-based composites also 
depend on the type of PHA-based resins (PHB, PHBV, PLA, etc.), type and form of fiber and its 
content and plasticizer used. 
 
1.7.7.1.  PHAs-Starch Based Composites and Blends 
Zhang et al
115
 studied blends of PHB and starch acetate (SAc), and found that the PHB/SAc blends 
were immiscible. Melting temperatures of PHB in these blends shifted with the increase in the SAc 
content. Melting enthalpy of the PHB phase was close to the value of neat PHB and its Tg remained 
constant at 9 
o
C. FTIR absorptions of hydroxyl groups of SAc and carbonyl groups of PHB in the 
blends were found to be independent of the second component at 3470 and 1724 cm
–1
, respectively. 
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Crystallization of PHB was affected by the addition of the SAc component, both cooling from the 
melt and from the glassy state on heating. Temperature and enthalpy of non-isothermal 
crystallization of PHB in the blends were much lower than those of neat PHB. Crystalline 
morphology of PHB crystallized from the melt under isothermal conditions varied with SAc 
content. The cold crystallization peaks of PHB in the blends shifted to higher temperatures 
compared with that of neat PHB. 
Willett et al
118
 utilized grafted copolymers of starch (SA) and glycidyl methacrylate (SA-g-PGMA) 
to improve the mechanical properties of composites with PHBV. In general, the tensile and flexural 
strengths of the composites were greater with SA-g-PGMA compared to untreated starch, and 
increased with increasing graft content. Grafting did not significantly change the modulus and 
elongation of these blends. All samples gained weight after immersion in water for 28 days. Tensile 
strength and modulus decreased with water sorption, while the fracture toughness significantly 
increased with grafted starch. SEMs of cryogenic fracture surfaces showed improved adhesion 
between the SA-g-PGMA and the PHBV matrix. 
Godbole et al
218
 discussed the compatibility of PHB with starch related to the improvement of the 
properties and cost reduction. The thermal and mechanical properties of the blended films were 
studied by means of TGA, DSC and an automated material testing system. The results indicated 
that blending of SA with PHB at ratio of 30:70% could be advantageous for cost reduction with 
improved properties than the virgin PHB. Application of SA in biodegradable plastics (as a filler or 
as a bioester) has been studied greatly with other non-biodegradable polymers such as HDPE, 
LDPE etc., in order to make the plastic biodegradable. Blending up to 30% of SA in PHB would 
help substantially to reduce the cost of bioplastic, without compromising the physical properties. 
This material might also be used as a coating material on paper or cardboard used for food 
packaging etc. 
Reis et al
219
 investigated blends of PHBV with maize SA at contents of 0%, 20%, 30%, 40% and 
50% by solution casting. Young‘s modulus, strength, strain at break and puncture force decreased 
with the increase in the SA content in the blend. FTIR measurements indicated that no 
intermolecular interactions existed between the two polymers as no shift in the absorption peaks of 
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the PHBV or SA in the blends was observed, which suggests that both polymers are immiscible. 
The blend showed low crystallinity (<4%). Optical micrographs of PHBV/SA blend films showed 
incomplete starch melting during blending. Blends showed a lack of interfacial adhesion between 
blend components and heterogeneous dispersion of SA granules into PHBV-rich matrix, as 
evidenced by SEM and optical micrographs of the blends. The color difference and opacity had a 
small variation with the increase of SA content. However, blends of PHBV with maize SA have the 
potential to offer a low cost alternative to pure PHBV, particularly for uses where service 
conditions are less demanding, e.g. packaging. 
Furthermore, to lower the cost of this useful biopolymer, even blending with other biodegradable 
polymers including SA has been attempted
218
. Reported properties of these biopolymers reveal an 
increase in tensile strength (TS) from 17.08 MPa to 31.45 MPa, Young‘s modulus (YM) from 
18.29 MPa to 33.43 MPa and elongation from 3.2 to 6.7%. Thermal stability increased from 496 K 
to 532.6 K and Tg from 336 K for neat PHB to 410.4 K for PHB-starch blend. 
 
1.7.7.2.  PHAs-Cellulose Derivatives Based Composites and Blends 
The study of polymer composites containing cellulosic material is an important area of research for 
some time. Cellulosic materials are used in the polymer industry for a wide range of applications, 
including: laminates, fillers and panel products, composites, alloys and blends, and cellulose 
derivatives. The structure and physical properties of microbial polyesters have been reviewed
220
. 
Cellulose derivates have also attracted much interest because of their compatibility with PHB. 
Zhang et al
221
 investigated the miscibility, crystallization and melting behavior, and phase 
morphology of PHB and ethyl cellulose (EC) blends prepared by solution casting films. The blends 
showed Tg depending from composition with increasing of Tg with the decrease in the PHB content 
and reached the maximum value for the EC component. After melt quenching or cooling via DSC, 
only one low temperature Tg was found, corresponding to that of the PHB phase in the blends. This 
Tg remained almost unchanged at about 5-9
 o
C for all the blends. The hydrogen bonding involving 
the hydroxyl groups of EC was stronger than that of the hydroxyl group in EC with carbonyl 
groups in PHB. Unlike the neat PHB component, the blends displayed no crystallization when 
cooled from the melt during the DSC non-isothermal crystallization runs. The growth of PHB 
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spherulites was delayed by EC content. No evidence of phase separation of the blends was 
observed by SEM studies. 
Maekawa et al
94
 studied the phase behavior and crystallization kinetics for the binary blend 
PHB/cellulose propionate (CP). The results show that the blends are miscible, as evidenced by the 
observation of a single composition-dependent Tg, depression of the equilibrium melting 
temperature of PHB, and a decrease in the spherulitic growth rate of the PHB component. A study 
of the tensile properties showed that an improvement in the ductility of PHB was obtained in the 
blends with CP. 
El-Shafee et al
110
 studied blends of PHB with cellulose acetate butyrate (CAB) by solution casting 
from chloroform solutions at different compositions. CAB/PHB blends were found to be miscible 
in the melt state, as evidenced by a single Tg for each composition, depression in the equilibrium 
melting point of PHB, and a marked reduction in the spherulites growth rate of PHB. The Flory-
Huggins interaction parameter (x12), obtained from melting point depression data, was composition 
dependent, and its value was always negative. The nucleation factor (Kg) was determined using a 
Lauritzen-Hoffman model. The Kg values for the PHB in the blends are considerably lower than 
the Kg value in the pristine homopolymer. The phase structure of the blend in the solid state, as 
revealed by single angle X-ray scattering was characterized by the presence of a homogeneous 
amorphous phase situated mainly in the interlamellar regions of crystalline PHB, and consisting of 
CAB molecules and uncrystalline PHB chains. 
Similar results were also reported by Wang et al
96
, with the increase in the CAB content, the degree 
of crystallinity and the melting temperature of the PHB phase decreased, and this broadened the 
narrow processability window of PHB. The elongation at break increased from 2.2% to 7.3% with 
improvement of toughness and ductility of PHB. 
PHBV was blended with CA and SA
222,223
. In particular, thermoplastic CA esters such as cellulose 
acetate butyrate (CAB) and cellulose acetate propionate (CAP) form miscible blends with PHBV in 
the amorphous phase. These blends offer the opportunity to show as the miscibility criterion of a 
single Tg should be applied, to be on the safe side. As a matter of fact, PHBV/CAB up to 50% of 
CAB exhibit only one low temperature glass transition both in DSC measurements and DMA. At 
intermediate compositions, ranging between 50 and 70% of CAB, a broad glass transition was 
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verified. Finally, for blend compositions with CAB percentage larger than 70%, a single glass 
transition at higher temperature was detectable. The higher Tg values followed the Fox equation in 
the range 0-50% of PHBV. This situation apparently fit the case of partial miscibility of PHB and 
CAB, with a separation of PHBV at CAB contents lower than 30%. 
The behavior of PHBV/CAB blends was elucidated by carbon 
13
C-NMR studies 
223
. These studies 
demonstrated that PHBV and CAB were miscible in the amorphous phase and two glass transitions 
were revealed owing to the existence of dynamic heterogeneity. This heterogeneity reflects 
different molecular mobilities of the blend components, even if these latter experience equivalent 
free volumes. That equivalence does not necessarily imply a single Tg, as demonstrated by Miller et 
al
224
. When CAB is the major component, the PHBV crystallization is completely inhibited and no 
trace of crystallinity was revealed even after months of blend storage at room temperature. Blends 
richer in PHBV crystallize by storage at ambient temperature and become opaque. The mechanical 
properties of blends containing 20-50% of PHBV reflect, of course, the amorphous character of 
such blends. Indeed, in the range 20-50% of PHBV the elastic modulus and the tensile strength 
decreased with increasing PHBV percentage. The tear strength was almost constant, while the 
elongation at break remarkably increased. Above 50% of PHBV the elastic modulus, the tensile 
strength and the tear strength increased while the elongation at break droped significantly. In 
particular, a synergistic effect was observed for PHBV/CAB compositions above 70% of PHBV. 
Bourban et al
225
 developed a biodegradable composite consisting of a degradable continuous 
cellulosic fiber and a degradable matrix (PHBV with 19% HV). The composite was processed by 
impregnating the cellulosic fibers on-line with PHBV powder in a fluidization chamber. The 
biodegradable composite showed that a fiber content of about 27 vol % (volumetric determination) 
can be reached by optimizing the process parameters. Poor interfacial adhesion however is needed 
in applications where energy or impacts are to be adsorbed. The results demonstrate promising 
mechanical properties of the PHBV-regenerated cellulosic fibers composite. Cellulosic fibers 
significantly increase the stiffness and strength of the PHB/V matrix while maintaining the 
biodegradability of this material. 
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1.7.7.3.  PHAs-Natural Fiber Composites 
Zini et al
226
 investigated composites of bacterial copolyester poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate), (PHBHHx), with flax fibers. A satisfactory reinforcing effect was observed in 
composites prepared by compression molding and using long fiber mats (long fiber composites, 
LFC). Results indicated that long flax fibers successfully reinforced the bacterial copolyester 
PHBHHx. Surface acetylation promoted the fiber-matrix adhesion, thus improving the mechanical 
properties of fiber composites. Additionally, crystallization kinetics of PHBHHx was also 
accelerated in the composite due to the presence of fibers. 
Bhatt et al
114
 blended medium chain length PHAs (mcl-PHA) produced by C. testosteroni and 
different rubbers, namely natural rubber, nitrile rubber and butadiene rubber, at room temperature 
using solution blending technique. Blends consisting of 5%, 10% and 15% of mcl-PHA in different 
rubbers were prepared. DSC of mcl-PHA showed the melting temperature of the polymer around 
50 °C. DSC confirmed effective blending between the polymers. Blending of mcl-PHA with 
natural rubber led to the production of a different polymer having the melting point of 90 °C. A 
degradation study of the blends was carried out for 30 days with Pseudomonas sp. 202 isolated 
from soil. The degradation of the blend was followed by weight loss and increase in the growth of 
microrganisms correlated with the amount of mcl-PHA present in the sample. Growth of 
Pseudomonas sp. 202 resulted in 14.63%, 16.12% and 3.84% weight loss of PHA-rubber blends 
(natural, nitrile and butadiene rubberm, respectively). SEM studies after 30 days of incubation 
further confirmed biodegradation of the films. 
Shanks et al
112
 studied natural fiber/biopolymer composites using flax and PHB and PHBV with 
5% and 12% of HV amounts. The adhesion between the fibers and the polyesters was better than 
for analogous PP composites. Wetting of the fibers by the polyesters was observed using SEM. 
Nucleation was increased by the fibers and a silane coupling agent used as an adhesion promoter. 
The melting temperature was influenced by the promoted adhesion and copolymerization. The 
bending modulus was increased in the composites and DMA provided storage modulus of the order 
of 4 GPa at 25 
o
C. The maximum in the loss modulus curve was taken as Tg, and this increased in 
the composites. The influence of the silane-coupling agent was beneficial for the material 
properties of the biopolyester/flax composites. An earlier study showed that flax and PHB had good 
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interfacial adhesion, which was decreased when plasticizers were present
113
. Some plasticizers 
migrated from the flax to the PHB and caused complex changes in the glass transition, 
crystallization and crystallinity of the hydrophobic component. 
Avella et al
227
 reported on the thermal and mechanical behavior of biotechnological polyester 
PHBV reinforced with wheat straw fibers. In order to improve the chemical-physical interactions 
between the components, the reinforcing agent was previously submitted to treatment steam at high 
temperature, leading to fibers richer in CA and more reactive. The addition of straw fibers 
increased the rate of PHBV crystallization, while it did not affect the overall crystallinity content. 
Furthermore, comparison of the mechanical properties indicated that the composites exhibited 
higher Young's moduli and lower values of both stress and strain to break than the neat matrix of 
PHBV. It was observed that the presence of straw did not affect the biodegradation rate evaluated 
in liquid environments and in long term soil burial tests. In the composting simulation test, the rate 
of biodegradation was reduced for composites with more than 10% straw content. The morphology 
of the composites was also investigated and correlated to the biodegradation process. 
Le Digabel et al
228
 used lignocellulosic fractions from wheat straw as natural fillers in composites 
of a biodegradable polyester [poly(butylene adipate-co-terephthalate)]. A reinforcing effect of 
wheat straw residues was observed in the composites. 
Belhassen et al
117
 investigated biocomposites based on jute fibers and blend of plasticized starch 
(PSA) and PHB. Different amounts of glycerol and PHB were added to native SA to obtain a 
processable biodegradable matrix. In the same way natural jute fibers up to 30 wt-% were added to 
improve the mechanical and thermal stability of the material. Significant enhancement in the 
mechanical properties and water sensitivity were noted by the addition of 8 wt-% PHB. The 
presence of glycerol in the fabrication of SA based polymer matrices is indispensable to obtain a 
material ready to be processed. However, the content of this plasticizer involves a control of 
important parameters of the material such as water-uptake and mechanical properties. Higher 
amounts of glycerol yielded better processability at lower energy inputs for mixing, although the 
hydrophilicity of the final system is increased and the mechanical resistance is reduced. The 
addition of PHB controls the water sensibility and at the same time improved the strength of the 
material, which was maintained even during a long time under humid conditions. The addition of 
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jute strands to the starch-based polymer matrix led to a material with higher capacities to support 
stresses keeping them even after 1.000 h of exposition under humid environment. The addition of 
the fibers up to 30 wt-% content brings about an enhancement in the strength and modulus of the 
material with increasing of the fibers loading. The decrease in water sensibility and improvement in 
mechanical resistance leads to a useful material in the field of packaging with capacity of 
biodegradation at the end of its service life. 
 
1.7.7.4. PHAs Based Silica Hybrid Composites 
Lim et al
229
 prepared biodegradable PHBHHx/hydrophobically modified silica hybrid composites 
by using simple melt compounding and investigated the effect of hydrogen bonding on their 
crystallization behavior. The intermolecular hydrogen bonding between PHBHHx and silica 
increased gradually with the increase of silica content of the hybrid composites. However, the 
extent of intermolecular hydrogen bonding was not directly proportional to the amount of added 
silica. The silica reduced the non-isothermal and isothermal crystallization rates of PHBHHx in the 
hybrids, and these were ordered by the strength of intermolecular hydrogen bonding between the 
PHBHHx and silica. Finally, it was observed that the relationship between the extent of 
intermolecular hydrogen bonds and crystallization rate was described by an empirical second-order 
equation. 
 
1.7.7.5. PHAs Based Sugarcane Bagasse Fiber Composites 
Pinto et al
230
 investigated composites based on PHB and sugarcane bagasse submitted or not to 
steam explosion treatment, focused on the effect of compressive/molding pressure on their structure 
and thermal properties. Application of both the compressive/molding pressure and incorporation of 
bagasse fibers changed the properties and structure of PHB as mentioned below: 
(i) Increasing pressure increased the spherulite size starting from the molten state. This was 
attributed to the grain boundary in the inter-spherulite and/or due to the crossing of intra-spherulites 
in the spherulites. On the other hand, incorporation of bagasse fibers decreased the size of 
spherulites. 
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(ii) The lattice parameters and the volume unit cells of PHB decreased with increasing 
pressure up to 6 tons. This was attributed to the change in packing pattern in the unit cell of the 
polymer between 4 and 6 tons. On the other hand, incorporation of bagasse fibers decreased the 
crystallinity of PHB. 
 (iii) Thermal transitions took place with increasing pressure, as indicted by the absence of one 
peak in DSC curves of PHB. 
(iv) Incorporation of bagasse fibers decreased the brittleness of PHB at lower temperatures, as 
evidenced by the increased storage modulus in the thermodynamic analysis study in bending mode. 
 
1.7.7.6. PHAs Lignin Composites and Blends 
Lignin is primarily a structural material to add strength and rigidity to cell walls and constitutes 
between 15 and 40 wt-% of the dry matter of woody plants. Lignin is more resistant to most forms 
of biological attack than CA and other structural polysaccharides. In vitro, lignin and lignin extracts 
show to have antimicrobial and antifungal activity, act as antioxidants, absorb UV radiation, and 
exhibit flame-retardant properties. Lignin is a crosslinked macromolecular material based on a 
phenylpropanoid monomer structure. Typical molecular masses of isolated lignin are in the range 
1000-20,000 g/mol, but the degree of polymerization in nature is difficult to measure, since lignin 
is invariably fragmented during extraction and consists of several types of substructures which 
repeat in an apparently haphazard manner
231
. Blending of PHA with lignin is one possible strategy 
for overcoming the mechanical disadvantages of PHA. 
Ghosh et al
106
 investigated the thermoplastic blends of several biodegradable polymers with 
organosolv lignin and organosolv lignin ester based on both solvent casting and melt processing. 
On addition of up to 20 wt-% lignin to PHB, improvements were seen in Tg, melting point, 
Young‘s modulus, and the degree of crystallinity. The addition of lignin reduced the crystallinity of 
PHB in a more efficient extent than recorded by the addition of lignin butyrate. This suggests a 
better compatibility of PHB with lignin than with lignin butyrate.  
Weihua et al
105
 investigated the effect of 1 wt-% of lignin on the nucleation of PHB by studying the 
kinetics of both isothermal and nonisothermal crystallization. DSC showed that not only did lignin 
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act as a nucleating agent, decreasing the activation energy of crystallization, but also it reduced the 
size of the spherulites to give a less brittle material. 
Mousavioun et al
104
 examined the miscibility between PHB and bagasse alkali lignins (having 
distinct chemical group functionality) based on the Tg evaluation of their blends. The Tg values 
were higher for the blends obtained from the lignin fraction containing higher xylan and phenolic 
hydroxyl amount, but lower methoxy and carboxylic acid moieties. This implies that the 
association between lignin and PHB is probably related to the chemical functionality of the lignin 
once the molecular weights of these materials are similar and, approximately equal to 2400 g/mol. 
In fact, it was shown by FTIR that the miscibility between PHB and soda lignin was due to 
hydrogen bond formation between the carbonyl group of PHB and the phenol hydroxyl group of 
lignin. 
 
1.7.7.7. Biodegradable Polymer-Layered Silicate Nanocomposites 
PHBV has some drawbacks such as slow rate of crystallization, relatively more complex 
processing condition, low elongation at break, etc. to be solved for wide range of application. In 
order to overcome these drawbacks, Chen et al
232
 prepared nanocomposites of PHBV by solution 
intercalation technique. The authors did not report the structure and morphology of the prepared 
nanocomposites. 
Maiti et al
233
 reported the preparation of PHB/organophilic montomorllonite nanocomposites 
(PHB/OMMT) by melt intercalation method. They used three different kinds of OMMT. 
Nanocomposites were prepared by using a twin-screw extruder operated at 180
 o
C. The extruded 
strands were pelletized and then dried under vacuum at 80
 o
C to remove residual water. XRD 
patterns clearly showed the formation of well-ordered intercalated nanocomposites. TEM image of 
PHB/OMMT also supports the formation of intercalated structure. The fate of the polymer after 
nanocomposites preparation was measured by GPC. The nanocomposites based on OMMT showed 
severe degradation but surprisingly no degradation was found with nanocomposites based on 
organically modified fluoromica. There is no explanation how organically modified fluoromica 
played to protect the system, but presently authors believe presence of Lewis acid sites may be one 
of the reasons, which catalyze the hydrolysis of ester linkages at high temperature. The degradation 
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started just after one week and at the initial stage the weight loss was almost the same for both neat 
PHB and its nanocomposites. Deviation occurred after three weeks of exposure, but degradation 
tendency of nanocomposites was suppressed. They assumed that the retardation of biodegradation 
of PHB was due to the improvement of the barrier properties of the matrices after nanocomposites 
preparation with OMMT. 
Lim et al
234
 prepared PHB/clay nanocomposites via a solvent casting method. FTIR analyses 
showed that two distinct different phases coexisted. The thermal stability of the PHB/OMMT 
nanocomposites was also observed to increase with the OMMT content. This was attributed to the 
nanoscale OMMT layers dispersion decreasing the diffusion of volatile decomposition products. At 
higher clay contents (>6 wt-%), although the onset of thermal degradation did not increase because 
of the organomodifier‘s thermal sensitivity, the nanocomposites degradation rates decreased due to 
restricted thermal motion of the polymer chains in the OMMT interlayer. From both XRD and 
TGA, the aggregation tendency of OMMT was also found to increase with the OMMT content in 
these systems and led to the intercalated structure. 
Hablot et al
235
 reported that PHB enhanced degradation can also be caused by decomposition 
products of clay organomodifiers, which have a catalyzing effect on the thermal or 
thermomechanical degradation. Eventually, the biodegradation studies also highlighted the 
difference between montmorillonite and fluoromicas since the initial degradation rate of PHB with 
MMT-
+
NH3-(CH2)17CH3 was higher than with fluoromicas. 
Choi et al
236
 described the microstructure as well as the thermal and mechanical properties of 
PHBV-organoclay (Cloisite 30B, a monotallow bis-hydroxyethyl ammonium-modified 
montmorillonite clay) nanocomposites with low clay content. These materials were prepared by 
melt intercalation using internal mixer. XRD and TEM clearly confirmed that intercalated 
nanostructures were obtained. Such structures were formed due to the strong hydrogen bond 
interactions between PHBV and the hydroxyl groups of the C30B organomodifier. They 
demonstrated that the nanodispersed organoclay acted as a nucleating agent, increasing the 
temperature and rate of PHBV crystallization. Moreover, the DSC traces revealed that the 
crystallite size was reduced in the presence of nanodispersed layers since the PHBV melting 
temperature are shifted to lower temperatures. Thermogravimetric analyses revealed that the 
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temperature corresponding to 3% of weight loss increased with C30B content (+10
o
C with 3 wt-% 
of filler). They explained these trends by the nano-dispersion of the silicate layers into the matrix 
and thus concluded that the well-dispersed and layered structure accounts for an efficient barrier to 
the permeation of oxygen and combustion gas. Eventually, thermomechanical properties showed 
that clays could also act as an effective reinforcing agent since the Young‘s modulus significantly 
increased from 480 to more than 790 MPa due to strong hydrogen bonding between PHBV and 
C30B. 
Wang et al
237
 prepared also PHBV/OMMT nanocomposites by solution intercalation method. 
Experimental results showed that the nanocomposite melting temperature and enthalpy of fusion 
(ΔHm) were decreased with increasing amount of OMMT. It was demonstrated that the small-sized 
PHBV spherulites were formed, the crystallinity of PHBV reduced and the range of the processing 
temperature of the nanocomposites enlarged by intercalation of OMMT into PHBV. The 
biodegradability of PHBV/OMMT nanocomposites in soil suspension decreased with increasing 
amount of OMMT. The biodegradability of PHBV/OMMT nanocomposites was related to the 
interaction and adhesion of PHBV and OMMT, water permeability, degree of crystallinity, and 
anti-microbial property of OMMT. The biodegradable PHBV/OMMT nanocomposites with low 
OMMT content would offer the opportunities to reduce the cost of PHBV and show a better 
application potential of biodegradable PHBV in future. 
Bordes et al
238
 studied the effect of thermal- and thermo-mechanical degradation of the main PHAs 
by using ammonium surfactants as clay organomodifiers. Two PHBV grades were tested and 
compared with PHB. The thermal degradation studies of PHBV with and without quaternary 
ammonium cations showed that all surfactants have an effect on the polymer degradation. This 
effect is more pronounced when the initial Mw of the polymer is low. The results regarding the 
thermal stability in the presence of surfactants led to two additional statements: 
(i) The degradation mechanisms of both the purified PHBV and the surfactant in the blend 
are interdependent. 
(ii) Di(hydrogenated tallow)dimethylammonium chloride (S-Alk) and (vegetable oil) 
benzyldimethylammonium chloride (S-Bz) appear to influence PHBV thermal degradation 
in a great extent. 
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All these conclusions are totally in agreement with the results obtained for PHB. The thermo-
mechanical study has led to the same conclusions regarding the effect of surfactants since the 
mechanical energy, and thus the viscosity, is higher for neat PHBV. Moreover, according to the Mw 
values of PHA after processing, S-Bz appears to be the most active degrading surfactant. In 
addition to the molecular weight decrease, the recorded low torque values could also be explained 
by a lubricating action of the surfactants and/or of their degradation by-products. 
Cabedo et al
239
 processed PHBV with three-layered clay types by using different mixing methods, 
and examined the effect of processing time, clay type, and clay content on polymer molecular 
weight and composite morphology. PHBV Mw decreased by 38% after extrusion processing and 
was further reduced in the presence of OMMT. When PHBV was processed with kaolinite as 
additive, no further reduction in polymer molecular weight was observed. Molecular weight 
decreased as the OMMT clay content increased from 1 to 5 wt %. The results suggest that release 
of tightly bound water from clay surfaces at elevated temperature may be responsible for PHBV 
degradation during processing. Evidence also points to the possibility that the surface modifier 
present in OMMT may catalyze PHBV degradation in some way. X-ray diffraction studies 
indicated an intercalated morphology in the presence of OMMT but good dispersion was also 
achieved when unmodified kaolinite was blended with PHBV. They conclude that intercalated 
morphology was predominant when PHBV/OMMT clay nanocomposites were obtained either by 
solvent casting or melt mixing. Sub-micron aggregates were obtained when melt blending was 
carried out with unmodified kaolinite. 
 
1.7.8. Processing and Thermal Degradation of PHAs 
It is widely believed that thermal degradation reaction occurs almost exclusively via a random 
chain scission mechanism (cis-elimination) involving a six-membered ring transition state as 
reported in Scheme 1.7
240-242
. 
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Scheme ‎1.7. Mechanism of PHB thermal degradation by crotonization process. 
 
The melting temperature of PHB is around 180
o
C and the processing temperature should be at least 
190
o
C. The thermal degradation at this temperature is so rapid that the acceptable residence time in 
the processing equipment is limited only a few minutes
243
. The thermal instability of PHB in the 
melt prevents it from substituting the non-biodegradable polymeric materials in commercial 
products
244
. Just above the melting point, in the temperature range 170-200 
o
C, the thermal 
degradation of PHB begins with random chain cleaveage reaction of the ester groups to form 
olefinic and carboxylic acid groups
245
. 
One of the problems with PHB is its processability. Plasticizers such as PVA and stearic acid are 
used to decrease melting point, as is done with starch. For example, a mixture of PHB and PVA or 
stearic acid processed by injection molding revealed
246
 that the latter was a more effective 
plasticizer than the former based on the melt flow index. However, decreases of about 10.8% in 
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tensile strength (20 MPa for PHB), 3.6% in flexural strength (29.5 MPa value obtained for PHB), 
26.5% in impact strength (18 J/m for PHB), 1.3% in hardness and 4.7% increase in heat distortion 
temperature (HDT) (123 
o
C for PHB) were observed for the stearic acid-PHB, compared to 
decreases of 13.8% in tensile strength, 6.9% in flexural strength, 48.4% impact strength, 5% in 
hardness and an increase of 7.8% in HDT for PVA-PHB. These results suggested more effective 
plasticizing effect by PVA due to its greater molecular size and concentration. Besides this, the 
thermal degradation of PHB with both the plasticizers decreased at 10% PVA and 2% stearic acid, 
suggesting that use of the latter is more suitable in composite applications. 
 
1.7.9. Application of PHAs 
The interest in the use of PHAs for the packaging market (mainly in the production of bags, 
cosmetic containers, shampoo bottles, cover for cardboards and paper, milk carton and films, 
moisture barriers in nappies and sanitary towels)
247,248
, medical, agricultural and fisheries 
applications has recently increased
249
. Ramakrishna et al
250
 summarized and compared the 
biomedical applications of polyesters and related biodegradable polymers for development of 
implant/medical devices, sutures, bone plates, joint replacements, ligaments, vascular grafts, 
intraocular lenses, etc. 
PHAs called a replacement for many conventional petrochemical products in applications including 
molded goods, paper coatings, performance additives, foils, films and diaphragms. PHAs can be 
used as hot-melt adhesives and non-woven fabrics
251
. This designable exploration may however 
remain a dream as no one is producing it commercially. Also, PHAs can be used as sources for the 
synthesis of enantiomerically pure chemicals such as hydroxyalkanoic acids and as raw materials 
for the production of latex paints
252-254
. PHAs have promising uses as a new source for small 
molecules that have potential applications as biodegradable solvents and as carriers for long term 
slow release of insecticides and herbicides
53,254
. There are further applications of PHAs within the 
medical and pharmaceutical industries, primarily due to their biodegradability and 
biocompatibility. Their in-vivo biocompatibility has been reviewed in detail in Valappil et al
255
. 
Fixation and orthopedic applications include sutures, meniscus regeneration devices, fixation rods, 
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bone plates and bone fracture fixation
255
. PHAs are also used in the production of repair patches, 
bone marrow scaffolds, ligament and tendon grafts, bone graft substitutes and bone dowels
255
. 
PHAs can be used in the fabrication of three-dimensional, porous, biodegradable heart valve 
scaffolds
256
. Currently, the biomedical field is facing challenges in the need for tissue adhesives, 
tissue sealants and soft tissue fillers as a replacement for collagen and tissue adhesion preventives 
for the treatment of severe burns. Hence, PHAs and modified PHAs are being considered as 
solutions for the ever increasing biomedical challenges. 
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2. PS/PHB BLENDS USING P(S-MMA) AS COMPATIBILIZER 
 
2.1. Abstract 
Poly(styrene) (PS) is a major industrial polymer used by the food packaging industry. However, it 
is highly recalcitrant and does not biodegrade upon disposal in environment and accumulates as a 
waste. Attempts were made to modify this feature of PS by blending it with poly(3-
hydroxybutyrate) (PHB), biodegradable bacterial polyester. As these polymers are immiscible, a 
poly(styrene-co-methyl methacrylate) was used as a compatibilizer. Blends were formulated 
following a {3,3} simplex lattice design by melting processing. Materials were characterized using 
scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and mechanical tensile 
test. SEM showed that the blend containing compatibilizer as matrix had a good adhesion between 
the three components. Thermal analyses indicated that the change in thermal degradation were not 
significant. The tensile tests showed that the Young's modulus was influenced by both matrix used 
(PS or PHB) and the amount of compatibilizer in the blend. 
 
2.2. Introduction 
For the past few decades, petroleum-based plastics had a negative impact on the environment 
owing to their recalcitrant nature. This has fuled the search for alternative begain materials like 
naturally produced polymers that may also offer solution to the growing municipal plastic wastes in 
the industrialized countries
1
. Solutions such as reuse and recycling of the polymeric materials that 
are not biodegradable, are also part of this stratagy. 
Poly(styrene) (PS) that is widely used in industry due to its desirable mechanical and processing 
properties such as rigidity, good processability, and good dyeability is not a biodegradable material. 
Food packaging, general packaging, audio equipment, jewel box, and spares of electrical 
equipment are some of its applications
2,3
. PS packaging used by food industry, usually will ends up 
in the environment as plastic waste. Recycling and reuse of discarded food packging is not 
considered safe due to the possibility of food contamination. One alternative is the development of 
new materials by blending PS with biodegradable polymer so that it can be compostable and more 
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eco-compatible. For this purpose, PS has been blended with biodegradable polymers like 
poly(lactic acid)
4,5
, poly(vinyl acetate)
6,7
, poly(caprolactone)
8,9
, poly(tetramethyleneadipate-co-
terephthalate)
10
 and others biodegradable polyesters
11
. 
Polyhydroxyalkanoates (PHAs) are a class of biodegradable aliphatic polyesters that are produced 
by several microorganisms as carbon and energy reserves
12
. PHB is one of the most important 
polymers from the family of PHAs. Its physical properties are similar to that of poly(propylene) 
(PP) and have attracted much attention as an environmentally degradable plastic for a wide range of 
agricultural, marine and medical applications. Moreover, PHB has been found to degrade within a 
few weeks in soil and other environments
13
. However, this polymer is not widely used because of 
its high cost compared to synthetic plastics
14
. 
Many efforts have been made in obtaining new materials with PHB which are aimed at improving 
mechanical properties and/or cost. One such effort is blending of PHB with polymers such as 
aliphatic-aromatic copolyester
15
, acrylonitrile-g-(ethylene-co-propylene-co-diene)-g-styrene
16
, 
polypropylene
17
, poly(glycidyl methacrylate)
18
 and poly(caprolactone)
19
. 
PS-PHB blend is immiscible, but better miscibility is possible to achieve using a compatibilizer. As 
PHB is compatible with poly(methyl methacrylate) (PMMA)
20
, it was used in the present study to 
prepare a compatibilized blend of PS/PHB following a statistical {3,3} simplex lattice design as 
screening experiment of their compatibilization. To access the best formulation statistical analysis 
is used using the data for tensile test. 
 
2.3. Experimental 
2.3.1. Materials 
Biocyle® PHB with weight average molecular weight (Mw) 425 kg mol
-1
 and polydispersity 
(Mw/Mn) = 2.51 was kindly supplied by PHB Industrial S.A., Brazil. Poly(styrene) (PS) (Empera 
124N) with a melt volume-flow rate (MVR) of 12 cm
3 
10 min
-1
 was purchased from Ineos Nova 
International SA. Poly(styrene-co-methyl methacrylate) (P(S-MMA)) with Mw between 100-150 kg 
mol
-1
 and ca. 40 mol% of styrene was purchased from Aldrich as compatibilizer. Anox 20
TM
 
(tetrakismetylene(3,5-di-t-butyl-4-hydroxyhydrocinnamate) methane) and Alkanox 240
TM
 (tris(2,4-
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di-t-butylphenyl) phosphite) antioxidant/antihydrolysis, respectively, were commercial product 
kindly supplied by Great Lakes Chemical Corporation (USA). They were used as a mixture at 
proportion 1:3 and a total amount of 0.5%
21
. All other chemicals were obtained from Aldrich. 
 
2.3.2. Formulations and Processing of PS Blends 
2.3.2.1. Preparation of PS-PHB-P(S-MMA) Blends by Casting-Milling-Compression 
Moldindg 
PS-PHB blends compatibilized with P(S-MMA) were obtained by solution-casting/solvent 
evaporation. Chloroform solution containing 5% (w/v) of polymer was stirred at room temperature 
for 24 h. Following sample solutions were placed into an ultra-sound bath for 5 min to remove any 
bubbles. Solution was poured in a glass Petri-dish and placed on a leveled platform. Chloroform 
was allowed to evaporate slowly (approx. 1 week) in a closed system and residual solvent was 
removed from films by drying at 35-40 °C for 2 h. This films were milled and about 8 g of material 
was compression molded (Collin-Press, Ebersberg, Germany (Model-P 200E equipped with a 
water-cooling system) to obtain films of around 300-500 µm of thickness. For molding, samples 
were placed in a mold and heated to 180 °C and left isothermically for 5 min at 9 MPa (90 bar). 
Subsequently, mold was cooled to ambient temperature for about 8 min maintaining the same 
pressure. 
 
2.3.2.2. Preparation of PS-PHB-P(S-MMA) Blends by Melting-Mixing-Compression 
Moldindg 
Formulations were prepared by physically mixing all the components at proportions presented in 
the Table 2.1. The formulations were melt-processed in a torque rheometer (W 50 EHT with roller 
blade) connected to a plastograph (Can-Bus Brabender- Duisburg, Germany). Mixing conditions 
for all PS-PHB based blends were identical (180 
o
C, 60 rpm, 4 min). Anox 20
TM
 and Alkanox 
240
TM
 (1:3) (0.5%) were added in all blends as stabilizer
22
. Sample identification codes are also 
presented in Table 2.1. 
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About 10 g of blend were compression moulded in a laboratory mould press Collin (model P 200E) 
with a water cooling system to obtain films of around 300-500 m. Moulding conditions were 
heating up to 180 °C and leaving isothermally for 2 min at 10 MPa (100 bar). Then, it was cooled 
to ambient temperature by about 9 min maintaining the same pressure of isotherm step. 
 
Table 2.1: Codes and components proportions of PHB/PS/P(S-MMA) 
P(S-MMA) 
(g) 
PHB 
(g) 
PS 
(g) 
Code 
0 0 1 PS 
0 0.333 0.667 S33B 
0 0.667 0.333 S67B 
0 1 0 PHB 
0.333 0.667 0 B33C 
0.667 0.333 0 B67C 
1 0 0 C [P(S-MMA)] 
0.667 0 0.333 S67C 
0.333 0 0.667 S33C 
0.333 0.333 0.333 S33B33C 
0.167 0.167 0.667 S17B17C 
0.167 0.667 0.167 S67B17C 
0.667 0.167 0.167 S17B67C 
 
2.4. Characterization 
The cross-section morphologies of films were recorded using a JEOL (JSM-5600LV) scanning 
electron microscope (SEM) at the required magnification and with accelerating voltage of 14kV. 
Film samples were fractured and sputtered with gold before SEM observation. Thermal degradation  
was performed in the thermogravimetric analyzer (TGA) Series Q500 of the TA Instruments with 
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sample size between 5-15 mg. Samples were scanned at 10 °C min
-1
 under nitrogen atmosphere at 
60 mL min
-1
 flow rate at temperature range from 30 °C to 500 °C.  
The tensile tests were performed according to standard test method using a universal testing 
machine Instron (model 5564) with a load cell of 2 kN and pneumatic grips
23
. Measurements were 
performed with a crosshead speed set at 1 mm·min
-1
. Specimens were preconditioned inside 
desiccators containing saturated solution of magnesium nitrite (ca. 53% RH) by 48 h at 25 °C
24
. At 
least 10 specimens for each sample formulation were tested and the average value was reported. A 
digital micrometer was used to monitor film thickness. Samples were cut into microtensile test 
specimens (width 4.64 mm) and initial gauge length of ca. 22.2 mm. 
 
2.5. Results and Discussion 
2.5.1. Morphology  
One of the key factors for achieving the desired final properties in polymer blends is to control their 
morphology
25
. Binary PHB/P(S-MMA) blends (B33C and B67C) exhibited immiscibility (Figures 
2.1a and 2.1b, respectively), particularly, at higher compatibilizer content (B67C) phase 
segregation appeared to be more pronounced. These results were quite surprising since earlier 
studies have shown good compatibility between PHB and P(MMA)
26,27
 and P(S-MMA) 
compatibilizer contain 60% of PMMA. On the other hand, in a PS/P(S-MMA) blends at a lower 
compatibilizer concentration, P(S-MMA) appeared to be well dispersed in the PS matrix (Fig. 2-1c) 
with little or no phase seperation, suggesting a good compatibility between these two materials. 
However, at higher compatibilizer concentration where P(S-MMA) becomes the matrix, phase 
separation was evident (Fig. 2-1d). Among the fractures examined, S17B17C blend, where PHB 
and P(S-MMA) are at the same proportion and the PS is the matrix component, showed the best 
adhesion among the three components (Fig. 2-1e). This suggests that blends with PS matrix would 
be more appropriate for formulations with PHB using the P(S-MMA) grade with 40% of St. Figure 
2.2 presents fracture of four ternary PS-PHB-P(S-MMA) blends prepared by the melt-processing. 
When PS is the matrix (Fig. 2-2a), droplets with size more or less homogeneous are observed and 
some of them appear fractured, and others pulled out. However, observing in detail some voids left 
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by the droplet pulled out, one can verify that there is another phase in the matrix suggesting a sub-
morphology of core-shell kind composed of PHB and P(S-MMA), respectively. 
 
  
 (a) (b) 
  
 (c) (d) 
 
(e) 
Figure 2.1. SEM micrographs of a) B33C, b) B67C, c) S33C, d) S67C and e) S17B17C by casting-
milling compression molding. 
PhD Thesis – Mohamed Ahmed Abdelwahab 
 92 
The formulation with the three blend components at the same proportions (Fig. 2.2b), formed a 
continuous phase, probably of PS, with the other two phases as an elongated core-shell of PHB-
P(S-MMA). The blends with PHB as matrix (S67B17C) showed notable phase separation (Fig. 
2.2c). It can be observed that the pulled out phase is bigger than that observed for the blend having 
PS as matrix (Fig. 2.2a). However, some fraction of the dispersed phases is encapsulated by the 
PHB matrix. On the other hand, using the compatibilizer P(S-MMA) as matrix, two different 
dispersed phase morphologies were formed very small droplets, apparently at nano scale, and 
elongated phase. 
 
  
 (a) (b) 
  
 (c) (d) 
Figure 2.2. SEM micrographs of a) S33B33C, b) S17B17C, c) S67B17C and d) S17B67C by 
melting-mixing-compression molding at 2.000X of magnification. 
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In conclusion, all morphologies indicated that P(S-MMA) wet the blend components interfaces, 
although it was not sufficient to prevent worse dispersion in the case where PHB is the matrix. This 
is probably due to the amount of MMA comonomer (60%) in the compatibilizer that limits PHB as 
dispersed phase at low amount. 
 
2.5.2. Thermogravimetric Analysis 
TGA is used to evaluate the thermal stability of polymers and blends
28
. In general, the effect of 
blending on thermal stability can be grouped into one of the following three categories: (a) the 
thermal stability of the blend is higher than that of the more stable blend component. Such 
observations are interpreted as a definite improvement in thermal stability due to blending. It is 
sometimes considered as evidence for the existence of strong interaction between polymers in the 
blend, which could lead to miscibility. (b) The thermal stability of the blend is lower than the least 
stable component. Such observations are an indication of deterioration of thermal stability due to 
blending. It is considered as corroborating evidence for the absence of any fruitful interaction 
between blend components. In many instances, such an outcome is considered as evidence for a 
phase-separated and immiscible blend. (c) The thermal stability of the blend is intermediate 
between those of the components. This observation could imply an improvement, worsening, or no 
change in the thermal stability as a result of blending. Such observations have been interpreted as 
an improvement in the thermal stability of one component or worsening of thermal stability of 
another component. Thus, TGA provides important data parameters relating to thermal stability of 
polymers that is very useful in polymer processing and formulation
29
. One of them is the 
decomposition temperature (Td), which was defined at the present work as the temperature at which 
polymer suffers 2 wt-% of weight loss
22
. Another parameter is the peak degradation temperature 
(Tp), which is related to the reaction mechanism and of the mass transfer in the viscous media of the 
polymeric melt. The Tp data are obtained from the first derivate of TGA (DTGA) trace and 
corresponds to the temperature at the maximum degradation rate. 
Typical TGA traces of PS-PHB-P(S-MMA) by casting-milling/compression-molding are shown in 
Figure 2.3 and the data from them are reported in Table 2.2. In these Figures, the experimental 
traces are compared with theoretical one obtained by the additive principle, which hypothesis is 
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that there is no interaction between components. All experimental TGA traces of blends were found 
to be apparently more stable than expected, regardless of the polymer matrix used. This means that 
the more stable component exerted a protective effect on the others components of the blend due to 
probably some kind of interaction. 
Td value of PS in inert atmosphere was 309 
o
C which was about 88 
o
C and 154 
o
C higher than the 
neat PHB and the neat P(S-MMA), respectively. The Td values of both PS-PHB binary blends were 
higher than pristine PHB. This means that the more stable PS protected the PHB from thermal 
degradation. Binary blends of the compatibilizer P(S-MMA) with PS or PHB behaved differently. 
The PHB-P(S-MMA) blend with less amount of compatibilizer (B33C) was 15 
o
C and 81 
o
C more 
stable than neat PHB and P(S-MMA), respectively. While the blends with compatibilizer as matrix 
(B67C), Td value was equivalent to that of P(S-MMA). On the other hand, thermal stabilities of PS-
P(S-MMA) blends were surprisingly equivalent to that of P(S-MMA) for the formulation 
containing less compatibilizer (S33C), while that with higher amount of compatibilizer (S67C) 
thermal stability was 28 
o
C higher than the less stable component P(S-MMA). 
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Figure 2.3. Typical TGA traces of neat component and experimental and theoretical ones of blends 
from casting-milling compression molding. 
 
Td values of the ternary blends were equivalent to that of the less stable P(S-MMA) for the samples 
S33B33C and S17B67C but only the last one contains the highest amount of compatibilizer. 
Conversely, the other two ternary blends that contained less P(S-MMA) (S17B17C and S67B17C) 
showed thermal stability near to that of neat PHB with slightly higher values for the blend 
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containing more PHB. Thus, PS component probably provided some protection to the less stable 
components. The residue formed at 490
 
C for all samples analyzed were lower than 1.3%. 
 
Table 2.2: TGA data of PHB/PS/P(S-MMA) blends by casting-milling compression molding.
a)
 
Code Td (
o
C) Tp1 (
o
C) Tp2 (
o
C) 
PS 309 ––– 411 
S33B 224 282 413 
S67B 231 278 411 
PHB 221 262 ––– 
B33C 236 277 392 
B67C 154 282 393 
C 155 158 389 
S67C 183 165 394 
S33C 150 154 411 
S33B33C 155 270 407 
S17B17C 222 285 411 
S67B17C 231 276 410 
S17B67C 158 279 399 
a) Td is the decomposition temperature defined at 2 wt-% of weight loss; Tp is the derivative 
peak. 
 
TGA data from PS-PHB-P(S-MMA) blends prepared by melting-mixing/compression-molding are 
reported in Table 2.3. Td values of pristine PS, PHB and P(S-MMA) were 295 
o
C, 236 
o
C and 319 
o
C, respectively. Experimental TGA traces of all blends compared to theoretical one indicated that 
were more stable than expected, regardless of the polymer matrix used (Figure 2.4). Thermal 
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decompositions of binary blends having PHB as matrix and PS or P(S-MMA) as second component 
were all at slightly higher temperatures than neat PHB. Td values of S67B and B33C increased 
about 2.5% and 7%, respectively. 
 
Table 2.3: TGA data of PHB/PS/P(S-MMA) blends by melting-mixing-compression moulding.
a)
 
Tp2 (
o
C) Tp1 (
o
C) Td (
o
C) Code 
––– 414 295 PS 
416 289 255 S33B 
416 281 242 S67B 
––– 281 236 PHB 
395 284 253 B33C 
391 291 257 B67C 
388 334 319 C 
397 344 318 S67C 
––– 413 316 S33C 
411 286 241 S33B33C 
414 291 270 S17B17C 
408 277 240 S67B17C 
392 295 267 S17B67C 
a) Td is the decomposition temperature defined at 2 wt-% of weight loss; Tp is the first and 
second derivatives peak. 
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Figure 2.4. Typical TGA traces of neat components and experimental and theoretical ones of 
samples from melting-mixing compression molding. 
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On the other hand, binary blends with PS as matrix presented a different behavior. Td values of 
S33C was intermediary to those of PS and P(S-MMA); this means, about 7 % higher than that of 
PS but slightly lower than that of P(S-MMA). In this case, it is P(S-MMA) that probably is acting 
as a shield to PS decomposition. Conversely, the Td value of S33B was 19 
o
C higher than that of 
pristine PHB, which is the least stable component of the blend. In this case, it was PS that protected 
PHB. 
In the ternary blends, those with less amount of PHB, S17B67C and S17B17C, presented Td values 
31 
o
C and 34
 o
C, respectively, higher than the less stable pristine PHB. In this case the proportion 
between the more stable component (PS or P(S-MMA)) were equal or higher than 1. Conversely, 
Td values of formulations where the proportion were equal or lower than 1 (S33B33C and 
S67B17C) were slightly higher than that of pristine PHB (236
 o
C) suggesting a lower protective 
effect of the more stable components. The values of Tp of ternary blends were practically invariable 
and equivalent to the less stable PHB. The degradation of S33B33C blend was similar to PHB. The 
residue formed at 490 
o
C for all samples analyzed were lower than 0.8 wt.%. 
 
2.5.3. Tensile Properties 
Table 2.4 reports values of tensile properties from neat components PS, PHB, and P(S-MMA) and 
their blends prepared by milling-mixing/compression-molding. The properties evaluated were the 
Young's modulus (YM) measured at 0.05-0.5% of elongation and tensile strength at break (TSB) 
and elongation at break (EB). Both PS and PHB showed stress-strain behavior of a brittle material. 
The elongation at break (EB) was 1% for PS and 2.9% for the compatibilizer P(S-MMA). Blends 
with PS as a matrix showed YM quite similar to that observed for the pristine PS (2215 MPa), but 
in blends with the PHB as a matrix, YM was closer to that of pristine PHB (2361 MPa). As a 
general trend, the three component blends showed the same behavior. It was observed that the YM 
depended on both the matrix used (PHB or PS) and the amount of compatibilizer P(S-MMA) used 
in the blend. YM values of the ternary blends were surprisingly equivalent to PHB for samples 
S17B17C and S17B67C that has lesser amount of this polymer present. On the other hand, the 
other two ternary blends that contain high PHB (S33B33C and S67B17C) showed YM higher than 
that of PHB. There were no significant change in the TSB and elongation for all ternary blends. 
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Table 2.4: Tensile properties of PHB/PS/P(S-MMA) based blends by casting-milling compression 
moulding.
a)
 
Code 
YM 
(MPa) 
TSB 
(MPa) 
EB 
(%) 
PS 2215±153 25±2 1.4±0.3 
S33B 2001±71 19±1 1.1±0.1 
S67B 2165±114 16±2 0.9±0.2 
PHB 2361±139 28±3 2.8±0.3 
B33C 2377±127 26±2 1.5±0.2 
B67C 2262±232 24±4 1.3±0.2 
C 2212±24 44±2 2.9±0.2 
S67C 2353±65 40±6 2.1±0.5 
S33C 2076±71 22±16 1.5±1.1 
S33B33C 2428±98 28±5 1.4±0.2 
S17B17C 2311±69 26±4 1.3±0.3 
S67B17C 2442±223 26±2 1.5±0.4 
S17B67C 2361±35 31±15 1.7±1.2 
a) Dispersion values calculated at 95% of confidence of Students t-test, YM is Young's 
modulus at 0.05-0.5% of elongation, TSB and EB are tensile strength and elongation at break, 
respectively. 
 
The tensile curves obtained for the PHB/PS/P(S-MMA) blends were characteristic of brittle 
materials, with high value of YM and low strain at break values (Table 2.5). 
Blends with PS as a matrix showed YM near to that of pristine PS (~ 613 MPa) and blends with 
PHB as matrix showed YM near to that of pristine PHB (~512 MPa). 
2. PS/PHB Blends Using P(S-MMA) as Compatibilizer 
 101 
Table 2.5: Tensile properties of PHB/PS/P(S-MMA) based blends by melting-mixing-compression 
molding.
a)
 
Code 
YM 
(MPa) 
TSB 
 (MPa) 
EB 
(%) 
PS 613±26 10±3 2±0.1 
S33B 469±39 5±1 1±0.3 
S67B 771±331 5±2 1±0.1 
S67B 454±66 3±1 1±0.1 
S67B 1089±25 7±1 1±1.2 
PHB 512±32 8±1 4±0.2 
B33C 523±34 6±1 1±0.1 
B67C 497±42 8±1 2±0.3 
P(S-MMA) 627±19 19±1 4±0.2 
S67C 568±25 3±1 1±0.2 
S33C ––– ––– ––– 
S33B33C 525±46 6±1 1±0.3 
S33B33C 526±112 4±1 1±0.1 
S33B33C 525±73 7±1 2±0.1 
S17B17C 527±49 7±2 2±0.2 
S67B17C 540±57 6±1 1±0.1 
S17B67C 488±26 10±2 2±0.3 
a) Dispersion values calculated at 95% of confidence of Students t-test, YM is Young's modulus 
at 0.3% of elongation, TSB and EB are tensile strength and elongation at break, respectively. 
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As a general trend, the three component blends showed the same behavior. It was observed that the 
YM depended on both the matrix used (PHB or PS) and the amount of compatibilizer P(S-MMA) 
in the blend. 
In blends with PS as matrix, the addition of 33% of P(S-MMA) (S33C) and 33% of PHB (S33B) 
caused a decrease in the YM from 613 to 568 MPa (7% lower) and 469 MPa (23% lower), 
respectively. In contrast, increase in the YM of samples with PHB (512 MPa) as matrix was 771 
MPa with 33% of PS (33% higher) (S67B) and 523 MPa with 33% of P(S-MMA) (S67C) (2% 
higher). TSB of samples were very low, with values near to that of pristine PHB. Moreover, blends 
with PS as matrix exhibited very low elasticity. YM values of the ternary blends were equivalent 
for all blends similar to YM of PHB. Moreover, all blends had low elasticity ranging between 1-
4%. 
 
2.6. Conclusion  
PS-PHB blends containing P(S-MMA) were prepared by casting solution and melt mixing. PS-
PHB based blends were characterized by using SEM, TGA, DSC and tensile tests. In general, melt 
mixing gives a good property than solution casting method. SEM analysis showed that the melt-
processed blends prepared with the P(S-MMA) as matrix had good adhesion between the PHB, PS 
and P(S-MMA). Thermal stability of ternary blends with P(S-MMA) increased markedly compared 
to PHB which had lower thermal stability. Tensile tests showed that the YM was influenced by 
both matrix used (PS or PHB) and by the amount of compatibilizer in the blend. 
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3. PS/PHB BASED BLENDS USING P(S-MAN) AS COMPATIBILIZER 
 
3.1. Abstract 
PS is widely used in packaging materials but is not biodegradable. One proposed alternative is to 
prepare new materials based on PS but containing biodegradable polymer as PHB. However, PHB 
and PS are incompatible. In attempt to improve mixing between these two polymers, it was used 
poly(styrene-co-maleic anhydride) (PS-MAn) as a compatibilizer. Components of the blends were 
processed in a torque rheometer and their compositions were determined using a mixture design. 
These blends were characterized for their miscibility using scanning electron microscopy and 
thermal and mechanical properties. Blends containing compatibilizer exhibited good adhesion 
between the three components. Thermal stability of the three components system blend improved, 
indicating interaction between PS-PHB-P(S-MAn). Mechanical tests showed that the Young's 
modulus was influenced by both matrix used (PS or PHB) and by the amount of compatibilizer in 
the blend. 
 
3.2. Introduction 
Poly(3-hydroxybutyrate) (PHB) is a biodegradable polymer produced by microorganisms. This 
polymer have unique physicochemical properties like thermoplasticity, biodegradability, 
biocompatibility, and particularly its mechanical properties, which are quite similar to that of 
isotactic polypropylene
1,2
. Because of its properties, this polymer is useful in a wide variety of 
applications ranging from packaging to suture, bone prostheses, and medicine capsules
3
. The use of 
PHB also has limitations. One such limitation is its narrow processing window. This polymer is 
thermally unstable at temperature above the melting point (about 180 
o
C), and a drastic reduction in 
molecular weight occurs during processing at temperatures between 180-200 
o
C
4
. The other 
limitation is its relatively low impact resistance. In order to overcome these shortcomings, efforts 
have been made to co-polymerize PHB repeating units with other monomers
5-15
 that increase 
considerably its cost. One possible approach to obtain a less expensive thermoplastic material of 
improved mechanical properties is to blend PHB with another suitable polymer. Earlier studies 
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have shown that blending polymers can lead to improvement of properties, lowering of the cost and 
impart functionalities in blends
16
. Considerable work on blending of PHB has been reported, PHB 
showed to be miscible with poly(ethylene oxide) (PEO)
17-24
, poly(vinyl acetate) (PVAc)
25-32
, 
poly(p-vinylphenol)(PVPh)
33-36
, poly(epichlorohydrin) (PECH)
37-40
, poly(vinylidene fluoride) 
(PVDF)
41-43
 and poly(methyl methacrylate) (PMMA)
44-51
. Additionally, PHB is immiscible or 
partially miscible with poly(vinyl acetate-co-vinyl alcohol) (PVAc-co-VA)
52, poly(ε-caprolactone) 
(PCL)
53-56
, poly(lactide) (PLA)
57-67
, ethylene-propylene rubber (EPR)
26,68,69
 and ethylenevinyl 
acetate copolymer (EVA)
44,52,70,71
. 
Today, most of the industrial and consumer packaging are made from highly recalcitrant polymers 
of petrochemical origin such as polyethylene (PE), polypropylene (PP), polyvinyl chloride, and 
polystyrene (PS) owing to their desirable mechanical and processing properties
72,73
. Recycling and 
reuse of most of the petrochemical-based plastics is ineffective and/or negligible. 
The idea of blending PS with a biodegradable polymer for use in packaging is without doubt of 
great importance. The combination of PS characteristics with biodegradable PHB can result in new 
and interesting material for packaging. However, PS and PHB are immiscible, and to promote 
adhesion between these two polymers addition of a compatibilizer is necessary. Ideally, this 
compatibilizer must have in its structure at least two different comonomers, where each one is 
compatible with each blended homopolymers. In the present study, PS/PHB based blends were 
prepared following a statistical mixture design with three components with poly(styrene-co-maleic 
anhydride) (PS-MAn) as a compatibilizer. The structure, morphology, crystallization, melting 
behavior, mechanical properties and miscibility of blends were investigated. 
 
3.3. Experimental 
3.3.1. Materials 
Biocyle® PHB with weight average molecular weight (Mw) 425 kg mol
-1
 and polydispersity 
(Mw/Mn) = 2.51 was kindly supplied by PHB Industrial S.A., Brazil. Poly(styrene) (PS) (Empera 
124N) with a melt volume-flow rate (MVR) of 12 cm
3 
10 min
-1
 was purchased from Ineos Nova 
International SA. Poly(styrene-co-maleic anhydride) [P(S-MAn)] having a Mw of 224 kDa and 
containing 7 mol-% of maleic anhydride was purchased from Aldrich Chemical Company, St. 
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Louis, MO, USA and used as a compatibilizer. Anox 20
TM
 (tetrakismetylene(3,5-di-t-butyl-4-
hydroxyhydrocinnamate) methane) and Alkanox 240
TM
 (tris(2,4-di-t-butylphenyl) phosphite) 
antioxidant/antihydrolysis, respectively, were commercial product kindly supplied by Great Lakes 
Chemical Corporation (USA). They were used as a mixture at proportion 1:3 and a total amount of 
0.5%
21
. All other chemicals were obtained from Aldrich. 
 
3.3.2. Preparattion of PS-PHB-P(S-MAn) blends 
Blends formulations are provided in Table 3.1. About 0.5 wt-% of the stabilizer [Anox 20
TM
 and 
Alkanox 240
TM
 (1:3)] was added to each formulation. The formulations were melt-processed on a 
Can-Bus Brabender connected to a Plastograph [Rheometer:W-50 EHT with roller blade, 60 rpm] 
at 180 
o
C for 1 min decreasing to 160 
o
C, which was maintained for 3 min (total of 7 minutes). 
For each formulation, about 10 g of the processed material was compression molded in a press 
[Collin-Model P 200E equipped with a water cooling system, Ebersberg Germany] to obtain films 
of around 300-500 μm. Molded films were prepared by heating sample up to 180 oC and 
maintaining it for 2 min at 100 bar (10 MPa). Films were subsequently cooled to ambient 
temperature (9 min) at the same pressure. 
 
3.3.3. Characterization 
The cross-section morphologies of films were examined using a JEOL (JSM-5600LV) scanning 
electron microscope (SEM) at the required magnification and with accelerating voltage of 14kV. 
Film samples were fractured and sputtered with gold before SEM observation. Thermal degradation 
was performed in the thermogravimetric analyzer (TGA) Series Q500 of the TA Instruments with 
sample size between 5-15 mg. Samples were scanned at 10 °C min
-1
 under nitrogen atmosphere at 
60 mL min
-1
 flow rate at temperature range from 30 °C to 500 °C. Differential scanning calorimetry 
(DSC) was performed on a DSC-30 module, Mettler TA 4000 system with a TA 72 GraphWare 
software. About 10-15 g samples were weighed in 40μl aluminum pan and an empty pan was used 
as reference. Measurements were carried out under 80 mL.min
-1
 nitrogen flow rate according to the 
following protocol: first and second heating from -20 to 200
 o
C.min
-1
; first cooling (quenching after 
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first heating) from 200 to -20
 o
C at 100
 o
C.min
-1 
and 2 min of isotherm at the end. The tensile tests 
were performed according to standard test method using a universal testing machine Instron (model 
5564) with a load cell of 2 kN and pneumatic grips
23
. Measurements were performed with a 
crosshead speed set at 1 mm min
-1
. Specimens were preconditioned inside desiccators containing 
saturated solution of magnesium nitrite (ca. 53% RH) by 48 h at 25 °C
24
. At least 10 specimens for 
each sample formulation were tested and the average value was reported. A digital micrometer was 
used to monitor film thickness. Samples were cut into microtensile test specimens (width 4.64 mm) 
and initial gauge length of ca. 22.2 mm. 
 
Table 3.1: Codes and components proportions of the PHB/PS/P(S-MAn) 
P(S-MAn) 
(g) 
PHB 
(g) 
PS 
(g) 
Code 
0 0 1 PS 
0 0.333 0.667 S33B 
0 0.667 0.333 S67B 
0 1 0 PHB 
0.333 0.667 0 B33C 
0.667 0.333 0 B67C 
1 0 0 C (P(MAn)) 
0.667 0 0.333 S67C 
0.333 0 0.667 S33C 
0.333 0.333 0.333 S33B33C 
0.167 0.167 0.667 S17B17C 
0.167 0.667 0.167 S67B17C 
0.667 0.167 0.167 S17B67C 
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3.4. Result and Discussion 
PHB contains both hydroxyl and carboxylic end group in its main chain. During melt processing, 
polymer undergoes a non-radical random chain scission reaction, leading to the formation of both 
carbonyl and vinyl carbonate ester group
74
. Besides, at the early stage of PHB thermal degradation 
during the melt-mixing/compression-molding, a polycondensation reaction between hydroxyl and 
carbonyl end group of PHB was observed until all hydroxyl groups were consumed
74-76
. The 
addition of an antioxidant during the melt-processing of PHB could promote certain reactions. The 
phosphites groups in AK (antihydrolysis agent) could be hydrolyzed by water and hydroxylation of 
AK may also occur during the processing of PHB due to the water content present in the PHB 
and/or produced during the esterification reaction. To achieve a combined effect on polymer 
stabilization, the blending of two different classes of agents as antioxidants/antihydrolysis is a 
common industrial practice these days. Thus PHB was stabilized with AN and AK (1:3) with 0.5 
wt-%. The PHB/PS blends are generally immiscible having poor mechanical properties, and 
because of this reason, they are often prepared with a compatibilizer. Thus, the influence of the 
compatibilizer must be considered in studies on the degradation behavior of this blend. To 
understand the influence of P(S-MAn) as a compatibilizer, the morphology of the films made by 
compression molding was initially examined, which can help on interpretation of the thermal and 
mechanical properties of the obtained materials. 
 
3.4.1. Surface Morphology 
The PS/PHB blends containing P(S-MAn) as a compatibilizer were examined for their morphology 
(Figure 3.1). Binary blends containing only PHB or PS with 67% of P(S-MAn) showed only one 
phase indicating that they were miscible (Figures 3.1a & b). The compatibility between PHB and 
P(S-MAn) is attributed to the reaction between the maleic anhydride and the hydroxyl chain end 
groups of PHB upon heating
77
. Thus, P(S-MAn) could compatibilize PS-PHB by reactive blending. 
This was also apparent from the fractured of ternary blends where the dispersed phase was more 
homogeneous and the proportion between PHB/P(S-MAn) was equal or higher than one (Figures 
3.1c, d and e). This indicates that P(S-MAn) can modify the interface between the PHB and PS 
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phases and decrease the interfacial tension. In other words, the compatibilizing effect of P(S-MAn) 
on PHB/PS blends was remarkable. 
 
  
 a) B67C b) S67C 
  
 (c) S33B33C (d) S17B17C  
  
 (e) S67B17C (f) S17B67C 
Figure 3.1. SEM micrographs of PS-PHB-P(S-MAn) of binary (a and b) and ternary blends (c, d, e 
and f), 2.000X of magnification. 
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3.4.2. Differential Scanning Calorimetry 
The glass transition temperature (Tg) is the most common way to study miscibility of polymer 
blends using DSC. The parameters of crystalline phase can also provide information about the 
compatibility between blend components
78
. Neat polymers have characteristic DSC profiles that 
depend on the nature of the polymer. Amorphous polymers display characteristic Tg, and 
semicrystalline ones display both Tg and Tm (melting temperature). DSC properties of polymers can 
be affected upon blending with other materials, such as polymers, plasticizers, compatibilizers, etc. 
The changes in DSC properties of polymeric blends may be due to the intermolecular interactions 
between their components. Consequently, qualitative and quantitative changes on thermal 
characteristics of these materials can be analyzed observing composition effect on the transition 
temperatures and heat flows of them. Blend characteristics that can be predicted from DSC 
measurements include; degree of miscibility, degree of intermolecular interaction and degree of 
crystallization
79-81
. 
The first heating characterized the phase transitions of the state of equilibrium where blends were 
maintained under ambient conditions (annealing) for few days' prior analysis. DSC traces from the 
first heating scan and relevant thermodynamic parameters of PS-PHB blends compatibilized with 
P(S-MAn) are shown in Figure 3.2 and Table 3.2, respectively. In order to assess the degree of 
crystallinity (Xc) of blends, the enthalpy of 100% crystalline SPHB was taken as 146 J.g
-1
.
82
 The 
glass transition temperature (Tg) was taken as the inflection point in the DSC traces. 
PS, P(S-MAn) and their binary blends are amorphous materials presenting only glass transitions. 
On the other hand, all the others formulations containing PHB presented both glass transition and 
melting transitions. The decreasing in the area of melt transition of PHB in the traces of its 
corresponding blends (Fig. 3.2) is due to the energy normalization (W/g) in the graphic that 
consider total weight of sample and not the fraction weight of PHB in the sample. 
Tg of pristine PS and PHB were 89
 o
C and 58
 o
C, respectively (this high value of Tg for PHB is 
probably due to the constrain of the chains in the amorphous phase promoted by the high 
crystallinity) and that of the compatibilizer P(S-MAn) was 116
 o
C (Tabel 3.2). PS-PHB binary 
blends did not showed changes in the Tg values of PS phase and that of PHB was not detected. 
Althought it was observed only one glass transition, it can be said that both components are 
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immiscible. If both components were partially compatible, at least the Tg value of PS would present 
some decreasing. On the other hand, PS-P(S-MAn) binary blends showed typical behavior of 
partial compatibility between components. This means, Tg values of PS (component with the lowest 
Tg) increased and that of P(S-MAn) decreased as a function of composition. The same was verified 
for the ternary blends. The Tm value of neat PHB was 175 
o
C, which decreased slightly in the 
blends. These decreases depended on pro[ortions between components and which polymer was 
blended with PHB in binary blends. However, Tm values did not change in the binary blends with 
PHB as matrix (S67B and B33C). 
 
 
Figure 3.2. DSC traces of 1
st
 heating of PS-PHB-P(S-MAn) blends 
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On the other hand, those binary formulations where PHB was the dispersed phase, it was observed 
that Tm values decreased more in the blends with P(S-MAn) (B67C) than with PS. This result 
probably is due to reaction between PHB and P(S-MAn) components. All ternary blends presented 
a decrease in PHB Tm values of upto 6
o
C. The change in PHB Tm value was more significant in the 
thernary blend S17B67C where the proportion between PHB/P(S-MAn) is about 1/4. This result 
corroborate with the hypothesis that the decreasing in the Tm values of the present kind of blend is 
due to reaction between these components that disturb cystal organization of PHB. This contradicts 
the point of view present by de Lima et al
83
, which explained that the Tm decrease was due to some 
degradation with molecular weight reduction. 
Another result reported in Table 3.2, which supports the argument of reaction between blend 
components, is the degrees of crystallinity (Xc). In the blends this propertie was calculated taking 
into account the weight fraction of PHB in the blend. Xc value of neat PHB from the first scan 
heating was 67% and had little change in the blends where this polymer was matrix. However, a 
decrease of more than 10% was found for blends were the proportions of PHB/(P(S-MAn) were 
less than or equal one. Besides, the value of 13% for Xc of S17B67C blend give enphasis to the 
explanation provided previously for the Tm behavior. 
DSC traces and parameters from the 2
nd
 heating scan of PS-PHB blends after quenching are 
reported in Figure 3.3 and Table 3.3, respectively. The objective of quenching is to suppress 
crystallization so that it is possible to obtain a Tg of a material totally amorphous. This can be seem 
clearly in Figure 3.3 where after glass transition of PHB appears a cold crystallizes and following 
it's melting. The area of cold crystallization was the same of that of melting (data not reported in 
the Table 3.3) confirming that after quenching PHB is found in total amorphous condition. As 
expected, the values of Tg where significantly lower than that observed in the first heating (Table 
3.2) due to the presence of high amount of crystals. The Tg value of PHB was 1
 o
C and changed as a 
function of blend composition. This value is in accordance with those on literature that have been 
found to be between 1 to 7
o
C depending on melt processing, molecular weight, and thermal history 
of the PHB
52,84
. 
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Table 3.2: DSC parameters (1
st
 heating) of PS-PHB blends compatibilized with P(S-MAn).
a)
 
Code 
Tg1 
(
o
C) 
Tg2 
(
o
C) 
Tg3 
(
o
C) 
Tm 
(
o
C) 
Xc 
(%) 
PS 89 —— —— —— —— 
S33B 89 —— —— 173 62 
S67B 90 —— —— 175 67 
PHB —— 58 —— 175 68 
B33C —— —— 115 175 64 
B67C —— —— 116 171 51 
C —— 116 —— —— —— 
S67C 95 112 —— —— —— 
S33C 93 111 —— —— —— 
S33B33C 94 111 nd 171 58 
S17B17C 91 109 —— 171 18 
S67B17C 95 nd nd 173 71 
S17B67C nd 114 nd 169 13 
a) Tg and Tm are the glass transition and melting temperatures, respectively; Xc is the degree 
of crystallinity and, nd is not detected. 
 
However, the Tg values of the binary blend S33B and that of ternary blends S17B17C and 
S17B67C shifted about 5
 o
C to lower temperature. On the other hand, Tg values of PS and P(S-
MAn) did not changed in relation to that one registered in the first heating. So, only PHB thermal 
properties were sensible to the changes in the proportion between blend components and thermal 
history. When the maleic anhydride reacts with PHB, a decrease in the Tg value was expected due 
to addition of a different structure causing ''imperfections''. 
The cold crystallization temperature of neat PHB was at 52 
o
C followed by an endothermic melting 
peak centered around 176 
o
C. In the blends, PHB cold crystallization in general was ca. 3-11 
o
C 
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higher than the pristine matrix, except the blend S33B that had its cold crystallization peak at 
slightly lower temperature than that of pristine PHB. The PHB cold crystallization was not detected 
in the blend S17B67C and S17B17C because of the lower PHB content compared to the other 
materials. Tm values of PHB were similar to those found in the first heating scan. However, it could 
observe the presence of a shoulder at lower temperature that confirms the formation of imperfect 
morphologies. 
 
 
Figure 3.3. DSC traces of 2
nd
 heating scan of PS-PHB-P(S-MAn) blends. 
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Table 3.3: DSC parameters from 2
nd
 heating scan of PS-PHB blends compatibilized with P(S-
MAn)
a)
. 
Code 
Tg1 
(
o
C) 
Tg2 
(
o
C) 
Tg3 
(
o
C) 
Tcc 
(
o
C) 
Tm, PHB 
(
o
C) 
Xc 
(%) 
PS —— 89 —— —— —— —— 
S33B -4 90 —— 49 173 29 
S67B 2 90 —— 52 176 59 
PHB 1 —— —— 52 176 60 
B33C 1 —— 115 55 176 60 
B67C -1 —— 117 63 117 52 
C —— —— 116 —— —— —— 
S67C —— 97 112 —— —— —— 
S33C —— 92 111 —— —— —— 
S33B33C -2 95 113 59 174 62 
S17B17C -6 91 111 nd nd nd 
S67B17C 1 95 nd 55 163 62 
S17B67C -5 nd 114 nd 173 7 
a) Tg, Tcc and Tm are the glass transition temperature; cold crystallization and melting 
temperatures, respectively; Xc is the degree of crystallinity of PHB, and nd is not detected. 
 
Figure 3.4 and Table 3.4 show DSC traces corresponding to the cooling scan of PHB and its 
blends. Crystallization temperature of neat PHB was 66 
o
C and that of PHB in the blends were 
equivalent.  
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Figure 3.4. DSC traces of 2
nd
 cooling scan of PS-PHB-P(S-MAn) blends. 
 
Data taken from the 3
rd
 DSC heating scan after a cooling at 10
o
C min
-1
 for PS-PHB blends are 
shown in Figure 3.5 and Table 3.5. The Tg values of all samples presented similar behavior found 
previously after quenching (Table 3.3). Also, cold crystallization temperature of PHB was similar 
to those observed after quenching (2
nd
 heating scan). However, some of them presented different 
peak area due to the fact that at the 3
rd
 heating part of material was partially crystallized on the 2
nd
 
cooling (see Figure 3.4). 
Melting peak presented a more perceptive sholder than that observed on the 2
nd
 heating. However, 
the peak enthalpy and consequently degree of crystallinity were similar to those of the 2
nd
 heating. 
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Table 3.4: DSC parameters (2
nd
 cooling) of PS-PHB blends compatibilized with P(S-MAn)
a
. 
Code 
Tg1 
(
o
C) 
Tg2 
(
o
C) 
Tg3 
(
o
C) 
Tc 
(
o
C) 
Xc 
(%) 
PS 99 —— —— —— —— 
S33B 93 19 —— 93 9 
S67B —— 20 —— 71 30 
PHB —— -2 —— 66 30 
B33C —— -6 —— 67 27 
B67C 44 -10 —— —— 3 
C —— —— 111 —— —— 
S67C 80 —— nd —— —— 
S33C 85 —— nd —— —— 
S33B33C 84 -7 127 68 13 
S17B17C 80 22 nd nd 2 
S67B17C nd -4 nd 68 20 
S17B67C 83 nd nd nd nd 
a) Tg and Tc are the glass transition and crystallization temperatures, Xc is the degree of 
crystallinity of PHB and nd is not detected. 
 
 
PhD Thesis – Mohamed Ahmed Abdelwahab 
 120 
 
Figure 3.5. DSC traces of 3
rd
 heating of PS-PHB-P(S-MAn) blends 
 
3.4.3. Thermogravimetric Analysis 
TGA is a very important analytical instrument to evaluate the thermal stability of polymers and 
their blends
79
. Integral TGA traces can be difficult to show the differences between several 
materials at the same time when they decomposes at close temperatures. Accordingly, DTG traces 
of PS-PHB-P(S-MAn) tertiary blends and pristine components are presented to compare the 
thermal behavior of them (Figure 3.6). It is observed that PHB is the less stable of the three blend 
components followed by P(S-MAn) and finally PS. The maximum rate of decomposition (DTG 
peak) of PHB in the ternary blends shifted to higher temperatures. On the other hand, the DTG 
peaks of the more stable PS remain the same but broadened at lower temperature due to probably 
the overlapping of P(S-MAn) decomposition. The changes on the volatilization rate of PHB 
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decomposition products to higher temperatures can have originated in the new bonds formed 
between PHB and P(S-MAn). 
 
Table 3.5: DSC parameters (3
rd
 heating) of PS-PHB blends compatibilized with P(S-MAn).
a)
 
Code 
Tg1 
(
o
C) 
Tg2 
(
o
C) 
Tg3 
(
o
C) 
Tcc 
(
o
C) 
Tm1 
(
o
C) 
Tm2 
(
o
C) 
Xc 
(%) 
PS —— 98 ——  ——   
S33B -4 88 —— 49 70 172 27 
S67B 2 90 —— 51 81 175 61 
PHB 1 —— —— 51 85 175 62 
B33C 1 —— 115 54 87 176 62 
B67C -4 —— 117 49 67 173 48 
C —— —— 116 —— —— —— —— 
S67C —— 95 112 —— —— —— —— 
S33C —— 92 110 —— —— —— —— 
S33B33C 1 94 111 61 75 174 64 
S17B17C -5 90 nd nd 96 nd 17 
S67B17C 1 —— 109 54 80 175 64 
S17B67C -5 —— 114 32 87 172 33 
a) Tg, Tcc and Tm are the glass transition; cold crystallization and melting temperatures, 
respectively; Xc is the degree of crystallinity of PHB, and nd is not detected. 
 
Decomposition of single components occurred in a single degradation step. On the other hand, the 
profile of binary and ternary blends showed two degradation steps where the first one is due to 
PHB and the last one to both PS and P(S-MAn) (Figure 3.6). To analyze the effect of blending on 
thermal stability, it was used the additive principle to simulate TG traces of blends considering that 
in principle there are any kind of interaction between their components. Figures 3.7 and Figure 
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3.8 presented experimental and theoretical TGA traces of binary and ternary blends, respectively. 
All experimental blends were more stable than expected, as indicated by the first step of the 
theoretical TGA traces, regardless of the polymer matrix. Besides, the second step of theoretical 
traces, basically overlapped experimental one. These, observations corroborate to the fact that only 
stability of the PHB phase are changing in the blends and that can be attributed to the new bonds 
formed. 
TGA data of PS-PHB-P(S-MAn) blends prepared by melting-mixing/compression molding are 
reported in Table 3.6. Neat PHB was less stable thermally than PS and P(S-MAn), which 
decomposition temperatures (Td) were 233 °C, 303 °C and 358 °C, respectively. Taking into 
account that stability of PHB phase is that influenced by formulation proportions the following 
analysis will focus on this phase. 
The Td value of PS-PHB binary blends was slightly lower (2 °C) than that of PHB when this 
polymer was the matrix (S67B). On the other hand, Td value was 20 °C higher than that of PHB 
when PS was the matrix (S33B). This result suggests that the more stable PS probably is protecting 
PHB phase. Both thermal stabilities of binary PHB-P(S-MAn) blends were about 30 °C higher than 
pristine PHB. In this case, the reaction between PHB hydroxyl end groups and maleic anhydride 
would be responsible by the increased stabilities of these blends. 
PS-P(S-MAn) blends resulted distinct behavior. Although P(S-MAn) is more stable than PS, their 
blend with the first one as matrix (S67C) presented stability near of that of the PS. On the contrary, 
S33C blend having PS as matrix was 20 °C more stable than pristine one. 
Td values of ternary blends were ca. 50
 o
C higher than that of neat PHB, except in the blend with 
PHB as a matrix (S67B17C) that was only ca 20 
o
C. This result corroborates the above findings for 
PHB-P(S-MAn) binary blends. 
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Figure 3.6. DTG traces of PS-PHB-P(S-MAn) ternairy blends and pristine components. 
 
  
 (a) (b) 
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 (c) (d) 
  
 (e) (f) 
Figure 3.7. Experimental and theoretical TGA traces of binary blends: (a) S33B, (b) S67B, (c) 
B33C, (d) B67C, (e) S33C, and (f) S67C. 
 
The values of Tp1, (corresponding to the maximum volatilization rate of decomposition products of 
PHB) of ternary blends shifted to higher temperatures. This result reflects also the probable 
protection of PHB by PS component on the one hand and its reaction with MAn on the other hand.  
In general, ternary blends showed an intermediate amount of residue, which increased with 
increasing amount of PHB and P(S-MAn) in the blends. In conclusion, TGA data supports the 
existence of some sort of interaction between PS, PHB and P(S-MAn) components, which 
promoted compatibility between them in the blends. 
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Table 3.6: TGA data of PHB/PS/P(S-MAn) blends
a)
. 
Code Td (
o
C) Tp1 (
o
C) Tp2 (
o
C) R490 (%) 
PS 303 ––– 415 0.1 
S33B 253 286 417 0.4 
S67B 231 267 417 0.5 
PHB 233 274 ––– 0.4 
B33C 267 290 409 0.4 
B67C 263 289 396 2.3 
P(S-MAn) 358 ––– 399 3 
S67C 304 ––– 398 1.8 
S33C 323 ––– 416 0.3 
S33B33C 271 294 411 1.0 
S17B17C 280 295 416 0.4 
S67B17C 255 286 413 0.5 
S17B67C 279 296 414 0.6 
a) Td is the decomposition temperature defined at 2 wt-% of weight loss; Tp is the first 
derivative peak temperature; and R490 is the residual weight at 490
o
C. 
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 (a) (b) 
 
 (c) (d) 
Figure 3.8. Experimental and theoretical TGA traces of PS-PHB-P(S-MAn) ternary blends: (a) 
S17B17C, (b) S17B67C, (c) S33B33C, and (d) S67B17C. 
 
3.4.4. Tensile Properties 
The tensile graphics (not shown) obtained for the PHB-PS-P(S-MAn) blends are characteristic of 
brittle materials, with high value of Young's modulus (YM) and low strain at break (Table 3.7). 
Blends with PS as a matrix showed YM closer to that of pristine PS (ca. 1941 MPa), whereas, 
blends with PHB as matrix showed YM closer to that of pristine PHB (ca. 1726 MPa). 
As a general trend, the three component blends showed the same behavior. In blends with PS as 
matrix, the addition of 33% of P(S-MAn) (S33C) and 33% of PHB (S33B) caused a decrease in the 
YM from 1941 to 1907 MPa (ca. 2% lower) and 1811 MPa (ca. 7% lower), respectively. In 
contrast, increasing in the YM of samples with PHB as matrix to 2002 MPa with 33% of PS (14% 
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higher) (S67B) and to 1922 MPa with 33% of P(S-MAn) (S67C) (11% higher) was observed. The 
three single components had equivalent tensile strength (TS) (ca. 31 MPa). 
 
Table 3.7: Tensile properties of PHB/PS/P(S-MAn) blends 
Sample 
YM 
(MPa) 
TSB 
 (MPa) 
EB 
(%) 
PS 1941±53 31±0.8 1.9±0.1 
PHB 1726±54 31±0.4 4.9±0.2 
P(S-MAn) (C) 1742±77 33±2.2 2.4±0.1 
S33B 1811±134 20±2.0 1.1±0.14 
S67B 2002±51 19±1.5 1.1±0.12 
B33C 1869±35 24±1.5 1.6±0.16 
B67C 1806±67 23±3.6 1.5±0.19 
S33C 1907±187 16±4.5 0.86±0.22 
S67C 1922±26 29±1.8 1.7±0.1 
S33B33C 1894±92 14±4 0.8±0.2 
S17B17C 1621±98 22±1.9 1.5±0.1 
S67B17C 1976±36 24±1.6 1.5±0.13 
S17B67C 1668±83 19±5.6 1.25±0.4 
a) Dispersion values calculated at 95% of confidence of Students t-test, YM is Young's modulus 
at 0.3% of elongation, TSB and EB are tensile strength and elongation at break, respectively. 
PhD Thesis – Mohamed Ahmed Abdelwahab 
 128 
In the ternary blends, YM values for the neat PS were less in blends where PS was the matrix 
(S17B17C) but were higher in blends with PHB as matrix (S67B17C). By comparison, samples 
with higher PHB and lower compatibilizer content (S67B17C, S33B33C) showed higher YM. 
Additionally, all blends exhibited considerably lower elongation which ranged between 1-5% that 
was closer to the values found for PS. 
 
3.5. Conclusion 
PS-PHB blends were compatibilized using P(S-MAn). The morphology, crystallization, melting 
behavior and tensile properties of these blends were evaluated. The P(S-MAn) promoted a better 
dispersion and interfacial adhesion between both PS and PHB. Generally, blends where PHB were 
the matrix showed better properties than that with PS as matrix. Blends with P(S-MAn) as a 
compatibilizer showed much improved thermal stability. Blend S33B33C showed single Tg value. 
YM was influenced by both matrix used (PS or PHB) and the amount of compatibilizer content in 
the blend.  
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4. PS-PHB-P(S-MAN) BLENDS WITH PRO-DEGRADANT 
 
4.1. Abstract 
The effect of thermal and sunlight degradation on the blend films of polystyrene (PS) with poly(3-
hydroxybutyrate) (PHB) using (polystyrene-co-maleic anhydride) copolymer (P(S-MAn)) as 
compatibilizer were investigated. PS-PHB-P(S-MAn) blends were formulated with and without 
tpro-degradant additives to influence the initial rates of degradation. This family of materials was 
submitted to a thermal aging in an oven for 90 days followed by sunlight exposure for 120 days. 
Thermal aged PS-PHB-P(S-MAn) blends showed no significant changes on weight gain as well as 
on FTIR spectra, TGA and GPC. On the other hand, sunlight exposure provided some degradation 
in the sample after 120 day leading to an increase of cross-linked polymer content. A marked 
decrease in thermal stability was observed on additivated samples after 120 days sunlight exposure. 
DSC showed that the crystallinity degree increased with increasing gel content. The Young's 
modulus of all samples increased with the sunlight exposure time. 
 
4.2. Introduction 
Polystyrene (PS) is widely used in the plastic industry today because of its good mechanical 
properties, ease of processing, and relatively low cost
1
. Because PS is chemically stable, it is highly 
resistant to environmental degradation processes, which has contributed to plastic pollution in the 
environment
2
. PS have high molar masses and are non-polar, existing in the glassy state at room 
temperature making the polymer resistant to enzymatic attacks
3
. Moreover, the phenyl side groups, 
which are distributed in space in a disordered manner, are biodegraded very slowly. The 
degradation of PS, when subjected to certain electromagnetic, thermal or mechanical conditions 
can occurs via a chain reaction mechanism which generates free radicals, opening possibilities for 
multiple reactions to procceed. Nevertheless, PS waste continues to be a serious environmental 
issue that requires new thinking. Conversion of PS into a form that is more easily susceptible to 
biodegradation has been considered, particularly, for use in packaging and agriculture
4,5
. Blending 
PS with suitable natural biodegradable polymer is one approach,
6-12
 where biodegradable additive 
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is readily attacked by microorganisms, leaving behind the PS matrix that is much weaker with 
increases surface area, hydrophilicity and permeability. Alternatively, PS degradation can be 
accelerated by directly adding reactive compounds known to facilitate photo and/or thermal 
decomposition of PS that catalyze the breakage of PS chains and initiate free radicals formation
13-
15
. 
A discussion on possible mechanism(s) that are involved in the photo-degradation of PS polymer is 
provided here. Sun‘s radiations reaching earth‘s surface are estimated to be between 300 to 600 kJ 
mol
-1 
for the UV-light and 170 to 300 kJ mol
-1
 for the visible-light. When exposed to UV 
radiations, PS molecules directly absorb photons, which create excited state in the molecule leading 
to chain scission, inter and intra cross-linkings and oxidation reactions. The absorption of UV light 
occurs in chromophores which contain functional groups with -electrons, like carbonyls and 
carbon-carbon double bonds. An excited state is generated after the absorption of energy by the 
chromophores. Energy transfer and conversion may also generate excited states in the dark. Such 
excited state reactions may cause chemical bond scissions, thereby accelerating polymer 
degradation
19
. In this regard, it has been suggested that the photo-degradation of PS is initiated via 
absorption of UV radiation by the aromatic rings in the polymer. One of the favorable reactions, 
after the energy absorption by PS is the scission of the C-H bond from the main chain carbon 
bonded to the aromatic ring
20
. Such free radical generated in PS has a low reactivity due to 
resonance stabilization. The lower reaction rate with O2, due to this low reactivity, creates a 
competition between the oxidation and depolymerisation reactions. 
The study of polymer blend degradation is very complex due to the variety of interactions between 
the blend components. These may generate antagonistic or synergistic effects, depending on the 
blend composition
20-22
, degradation environment
23
 and the blend miscibility
24-26
. Some synergistic 
effects include pro-degrading species that are generated in one domain and migrate to another 
domain, leading to changes the degradation
27
. Another synergistic effect, that may occur, is the 
higher solubility of a stabilizer in one of the components of the blend that may  improve or worsen 
the stability if both components are sensitive to the environment causing degradation
28
. 
The PHB polymer is viewed as one of the most suitable polymers to blend with the PS. The PHB is 
a natural polyester polymer produced by several microorganisms,
16
 and due to its biocompatibility 
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and biodegradability has been used in certain nice applications in the medical and agricultural 
fields
17,18
. 
Polymer blends can be miscible or immiscible. For thermodynamic reasons, the majority of the 
blends are immiscible. In this case, a compatibilizer compound is usually added to the blend to 
increase interactions among the components of the blend to improve mechanical property. The 
present study is directed to the blending of PS with PHB polymers in the presence of a 
compatibilizer and with or without a pro-degradant (PD) to influence the initial rates of 
degradation. 
 
4.3. Experimental 
4.3.1. Materials 
Biocyle® PHB with weight average molecular weight (Mw) 425 kg mol
-1
 and polydispersity 
(Mw/Mn) = 2.51 was kindly supplied by PHB Industrial S.A., Brazil. Poly(styrene) (PS) (Empera 
124N) with a melt volume-flow rate (MVR) of 12 cm
3 
10 min
-1
 was purchased from Ineos Nova 
International SA. Poly(styrene-co-maleic anhydride) [P(S-MAn)] having a Mw of 224 kDa and 
containing 7 mol-% of maleic anhydride was purchased from Aldrich Chemical Company, St. 
Louis, MO, USA and used as a compatibilizer. Anox 20
TM
 (tetrakismetylene(3,5-di-t-butyl-4-
hydroxyhydrocinnamate) methane) and Alkanox 240
TM
 (tris(2,4-di-t-butylphenyl) phosphite) 
antioxidant/antihydrolysis, respectively, were commercial product kindly supplied by Great Lakes 
Chemical Corporation (USA). They were used as a mixture at proportion 1:3 and a total amount of 
0.5%. All other chemicals were obtained from Aldrich. Pro-degradant (PD) additive TDPA
®
-
DCP512 (PD) was kindly supplied by EPI (Environmental Technologies Inc.), (Canada) and 
consist in a masterbatch based on PE. All other chemicals were obtained from Aldrich. 
 
4.3.2. Preparattion of PS-PHB-P(S-MAn)-PD blends 
Blends formulations are provided in Table 4.1. About 0.5 wt.% of the stabilizer [Anox 20
TM
 and 
Alkanox 240
TM
 (1:3)] was added to each formulation. The formulations were melt-processed on a 
Can-Bus Brabender connected to a Plastograph [Rheometer:W-50 EHT with roller blade, 60 rpm] 
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at 180
o
C for 1 min and temperature decrease to 160
o
C and maintained for 3 min (total of 7 
minutes). 
 
Table 4.1: Composition and sample identification codes of PS-PHB based blends 
Code PHB PS P(S-MAn) Pro-degradant (PD) 
PS 
_____ 
1 
_____
 
_____
 
PSPD 
_____
 0.96 
_____
 0.04 
S33B33M 0.334 0.333 0.333 
_____
 
S33B33MPD 0.32 0.32 0.32 0.04 
*PS is polystyrene, PD is pro-degradant and S33B33M is 33%PS, 33%PHB and 33%P(S-MAn). 
 
For each formulation, about 10 g of the processed material was compression molded in a press 
[Collin-Model P 200E equipped with a water cooling system, Ebersberg and Germany] to obtain 
films of around 300-500 ɲm. Molded films were prepared by heating sample up to 180oC and 
maintaining it for 2 min at 100 Bar. Films were subsequently cooled to ambient temperature (9 
min) at the same pressure. 
 
4.3.3. Abiotic Degradation 
4.3.3.1.  Exposure to Various Temperatures 
The thermal oxidation was achieved by exposing films at various temperatures (40, 50 and 60
o
C) 
for a period of 90 days. Samples were withdrawn every week and analyzed by FT-IR, and their 
carbonyl index (COi) was measured to determine the level of degradation. For this analysis, some 
samples were fixed on a cardboard support before exposure (Fig. 4-1a), whereas, others were 
directly placed in a glass Petri-dish (Fig. 4-1b). 
 
4.3.3.2.  Exposure to Natural Sunlight 
Thermally exposed films were recovered and further subjected to natural sunlight according to 
ASTM D5272-08. Briefly, about 10 cm film samples were placed on a nylon net (4 mm mesh) and 
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directly exposed to the natural sunlight in the southwest direction at 30
o
 for 4 months during the 
summer months from June 7 to September 27, 2010 in north-central Italy (Figure 4.2). 
 
 
 
 
 
 
 
 
 
 a) b) 
Figure 4.1. Supports used on aging test: a) for FTIR analysis, b) Petri dish. 
 
 
Figure 4.2. Nylon net system used for sunlight exposure 
 
Average and maximum temperatures were recorded on a daily base throughout this period and 
were about 19 
o
C and 25 
o
C, respectively as shown in Table 4.2. 
me 
Sample 
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Table 4.2: Minimum, maximum and average temperatures of exposed samples   
Month 
Tmin. 
(
o
C) 
Tmax. 
(
o
C) 
Tmedia. 
(
o
C) 
Humidity 
(%) 
June 15.7 25.1 20.6 78.3 
July 19.1 30.4 25.2 73.7 
August 18.4 27.6 23 77.8 
September 14.5 24.9 19.5 76.3 
 
4.3.4. Analytical Characterization 
4.3.5.1.  FTIR Spectroscopy 
The oxidation in test samples was measured by FT-IR spectrophotometer (Jasco 410). The spectra 
were taken as an average of 16 scans with 2 cm
-1
 resolution. The carbonyl index (COi) was 
calculated as the ratio of the optical density of the absorption band between 1640 and 1790 cm
-1
 for 
PS and 1825 cm
-1
 for the samples containing PHB (carbonyl peak) and the optical density of the 
absorption band between 1420 cm
-1
  and 1515 cm
-1
  (-CH2- peak)
 1 2, 31
. 
 
4.3.5.2. Tensile Properties  
Tensile tests were performed according to two ASTM standard test methods using a universal 
testing machine Instron (model 5564) with a load cell of 2 kN and pneumatic grips. Specimens 
were preconditioned inside disicators containing saturated solution of magnesium nitrite (ca. 53% 
RH) by 48 h at 25 
o
C (ASTM E104-02)
29
. At least 10 specimens for each sample formulation were 
tested and the average value has been reported. A digital micrometer was used to monitor film 
thickness. Samples were cut into microtensile test specimens (width 4.64 mm) and initial gauge 
length of ~22.2 mm following ASTM D 1709 standard. 
 
4.3.5.3.  Differential Scanning Calorimetry 
DSC evaluations were carried out on a Mettler DSC822
e
 module with FRS5 sensor and controlled 
by the STAR
e
 software. The analysis under nitrogen flow rate of 160 mL min
-1
 was performed at 
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10
o
C min
-1
 in the range of –20 to 200 oC with isotherm of at least 2 min at the end of each of the 
five cycles: 1
st
 heating, 1
st
 cooling, 2
nd
 heating, 2
nd
 cooling and 3
rd
 heating. 
 
4.3.5.4.  Thermogravimetric Analysis 
TGA measurements were carried out in nitrogen atmosphere at a constant flow rate (10 ml/min) 
with TGA Q500 V6.4 NBR instrument in the heating range between 25 up to 500 
o
C using samples 
with 5-15 mg (heating rate; 10 
o
C/min). The onset (Td) of thermal degradation at 2% weight loss as 
well as the residue weight at 490 
o
C was recorded. 
 
4.3.5.5.  Scanning Electron Microscope 
 To examine the surface morphology of test samples, specimens were frozen in liquid nitrogen and 
spur-coated with gold-palladium and viewed under the JEOL (Model JSM-5600LV) scanning 
electron microscope. 
 
4.3.5.6.  Gel Permeation Chromatography  
Gel Permeation Chromatography (GPC) Average molecular weights (MW) and polydispersity (PD) 
were obtained in a system consisting in a Jasco PU-1580 intelligent HPLC pump connected to 
Jasco RI-1530 intelligent refractive index detector and equipped with two PLgel 3µm mixed-D 
columns (Polymer laboratories UK). Chloroform stabilized with ethanol was used as eluent at 1.0 
mL·min
-1
 flow rate. Monodisperse polystyrene standards were used for calibration. Samples 
solutions were prepared at 0.5 wt-%. Before use, samples were filtered in with PTFE filter pore size 
0.2 µm. 
 
4.4. Result and Discussion 
4.4.1. Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR is a simple method to study the rate of degradation in films by monitoring any increase in 
carbonyl region (C=O) of the spectrum owing to the accumulation of non-volatile oxidation 
reaction products.  
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Figure 4.3 shows the infrared spectra of exposed and non-exposed samples of the PS with and 
without pro-degradant (PSPD) (Figures 4.3a and 4.3b). Increase in the carbonyl absorption was 
measured as a function of time and reported as carbonyl (COi) index. The COi obtained by the FT-
IR has also been used by other investigators to study polymer oxidation reactions and material 
degradation
30
.  
 
 
a)      b) 
 
  c)     d) 
Figure 4.3. FTIR spectra of PS, PSPD, S33B33M and S33B33MPD before and after thermal 
degradation for 90 days at 60
o
C. 
 
Figures 4.3a and 4.3b show the FTIR spectra of PS and PSPD samples after 0 and 90 days of 
thermal exposure at 60°C. Five peaks in the range of 2800-3100 cm
-1 
are attributed to the C-H 
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stretching vibrations in the main chain and in the aromatic rings of the PS. Peaks visible at 1601, 
1492, 1451, 1029, 757, 698 cm
-1
 are due to the deformation and skeletal vibrations of C-H in PS
32
. 
No changes in the spectra were apparent after 90 days of thermal aging in PS with or without PD. 
The PS-PHB blends with or without PD that were exposed for 90 days at 60
o
C (S33B33M and 
S33B33MPD) also showed similar results (Figure 4.2c, 4.2d). Samples exposed at lower 
temperatures were indifferent from samples exposed at 60
o
C (the highest temperature tested) 
therefore, no data is shown for these samples. 
Results presented above were further confirmed by the Figures 4.4a and 4.4b showing no change 
in the carbonyl (COi) indexes of samples aged at 60 °C. Thus, the results clearly indicated that the 
thermal aging alone is not sufficient to cause oxidation in the polymer chain for all formulations 
tested. 
 
 
a)       b) 
Figure 4.4. Carbonyl index of thermal degradation bends before and after 90 days. 
 
In the next experimental phase, above samples were further exposed for 120 days in sunlight in 
order to enhance the oxidative degradation of polymeric materials. Surface embrittlement and 
yellowing observed in samples after prolong exposure to sunlight (Figure 4.5) were due to the 
presence of chromophores and their interaction with the aromatic ring in the PS matrix. Similar 
observations have been reported by other investigators
33,34
. 
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Figure 4.5. Photo of the blend before and after sunlight exposure 
 
Interestingly, FTIR spectra of these samples revealed distinct changes compared to samples that 
only received thermal exposure. The formation of various band assigned to different products 
formed during the PS oxidation were clearly visible in these samples, indicating an occurrence of 
chemically induced degradation in blends (Figure 4.6). 
In PS with pro-degradant (PSPD), the presence of intense bands corresponding to chemical bonds 
was noted. These bonds are indicative of high degree of oxidation. For example, a broad band 
representing a C=O bond between 1660-1790 cm
-1
 and the O-H bond at 3500 cm
-1
 are attributed to 
wide range of oxygen-containing groups like aldehydes, ketones, peroxides, carboxylic acids, etc., 
that are formed during the auto-oxidation of the PS (Figure 4.7). In the 3800–3100 cm-1 region of 
the spectra, broad band was centered around 3450 cm
-1
 which is attributed to the stretching of the 
hydroxyl –OH groups due to the formation of hydroperoxides and alcohols during the photo-
oxidation reactions through hydrogen bonding (Figure 4.7). 
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Figure 4.6. FTIR of sunlight exposure of PS, PSPD, S33B33M and S33B33MPD blends 
 
Bottino et al
35
 also reported changes in the PS around 3800–3100 cm-1 and 1900–1500 cm-1 regions 
corresponding, respectively, to the OH and C=O stretching vibrations. In this regard, PS, PP, and 
PE films containing photoinitiating additives to enhance photo-degradability under the UV and 
sunlight were tested and showed that oxidation was greater under the sunlight compared to UV 
light
36
. Changes that occur in PS under sunlight or UV light appear to be quite similar, suggesting a 
common mechanism. 
Shang et al
37
 investigated degradation of PS with TiO2 as photocatalyst under UV light. The 
degradation in PS-TiO2 composite was much faster than PS controls. This oxidation was initiated 
by reactive oxygen species generated on TiO2 surface and several by-products containing carbonyl 
and carboxyl groups and the final products CO2 were also observed. 
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Figure 4.7. FTIR spectra of PS and PSPD before and after sunlight exposure in the range of 1580 
to 1800 cm
-1
 and at 3100 to 3650 cm
-1
. 
 
Exposure of PS films to long wavelength (l=300 nm) and short wavelength (l=253.7 nm) radiations 
under atmospheric oxygen has been studied by Mailhot and Gardette
38
. The products identified 
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were quite similar under both exposure conditions with the exception of their relative 
concentrations. The apparent differences resulting from the short- or long-wavelength irradiation 
were due to the diffusion of the low molecular weight oxidation products. The main identifiable 
byproducts were benzaldehyde, benzoic acid, acetophenone, formic acid, acetic acid, benzoic 
anhydride, dibenzoylmethane, and benzene
32
. 
In a related study, Gardette et al
39
 irradiated PS with short and long wavelengths and identified the 
derivatives reactions products by treating with sulfur tetrafluoride and ammonia, which formed 
macro-radicals on the polymeric backbone as shown in Table 4.3. 
 
Table 4.3: The wave number of degradation of PS  
Group Wavenumber (cm
-1
) at 300 
Max. or Soulder of carbonyl band 1785, 1732, 1698, 1690 
Broad hydroxyl band 3450 
Narrow hydroxyl band 3540 
Weak hydroxyl band 3250 
 
The above mentioned studies support the data presented here and provide help in explaining the 
results. The decomposition of hydroperoxyl groups by sunlight exposure lead to the formation of 
alkoxy macro-radicals that may react in two ways: 1) formation of hydroxyl group by hydrogen 
atom abstraction 2) β-scission of the macro-radicals. Two type of scission are possible: i) scission 
at the C-Ph ring bond and ii) scission of the C-CH2 bond. The bond scission of C-Ph may produce a 
phenyl radical which is considered as the precursor of benzene.  In case of C-CH2, bond scission 
leads to an acetophenone type end group (1690 cm
-1
). A series of complex reactions take place 
which lead to the formation of several low molecular weight degradation products, which include, 
acetophenone (1690 cm
-1
), benzaldehyde (1704 cm
-1
), benzoic acid (1698, 1732 cm
-1
), formic acid, 
acetic acid (1710 cm
-1
), benzene and dibenzoylmethane (1725, 1785 cm
-1
), benzoic anhydride 
(1732 cm
-1
) as depicted in the Scheme 4.1. 
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Scheme 4.1: Mechanism of degradation of PS 
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The FTIR spectra of PS, PSPD after 0 and 120 days of exposure in sunlight are shown in Figure 
4.7, indicating various bands due to the formation of different products resulting from the oxidation 
process. For neat PS exposed at 0 and 120 days, bands related to hydroperoxyl group (-
CH2C(Ph)(OOH)CH2-) in the range of 3300-3600 cm
-1
 were not observed.
32
 However, these bands 
were present and clearly increased in their intensity in PSPD sample exposed to sunlight for 120 
days due to the formation of hydroperoxides and alcohols during the oxidation reactions. 
Appearance of a low intensity new band at 3500 cm
-1
 was observed in S33B33M with and without 
pro-degradant (Figure 4.8). In S33B33MPD, a peak was observed between 3400 cm
-1
 and 3600 
cm
-1
 with a maximum at 3500 cm
-1
, which is attributed either to the hydroperoxyl group (-
CH2C(Ph)(OOH)CH2-) or the resulting from the hydrolysis of PHB
32
. Moreover, the band at 1715 
cm
-1
, attributed to aliphatic ketone group was very difficult to observe due to the interfacial 
association between the carbonyl group in the PHB and degradation byproducts of PS. 
 
 
Figure 4.8. FTIR spectra of S33B33M and S33B33MPD before and after 120 sunlight exposure at 
the range 3400 to 3800 cm
-1
. 
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In this regard, Sadi et al
40
 studied the effect of UV radiation on the PHB and found that PHB 
undergoes both chain scission and crosslinking reactions. Our results clearly showed that in PHB 
blend crosslinking reactions were more than chain scission, suggesting that there was little or no 
change in blend. But there are opportunities for crosslinking between PHB and the P(S-MAn). 
The COi measured at various time points during the 120 days exposure showed remarkably 
different oxidation behavior in blends (Figure 4.9). 
 
  
Figure 4.9. Carbonyl index of PS, PSPD, S33B33M and S33B33MPD under sunlight exposure. 
 
In general, the carbonyl indices of neat PS and blend (S33B33M) alone without PD are higher than 
those with PD alone. As expected, control PS without PD showed a steady increase in the COi but 
at a significantly slower rate compared to the level of oxidation seen in blends with additives 
(PSPD) after 120 days of exposure in sunlight. The observed increase was due to the initiation of 
chain scission resulting from the sunlight exposure producing fragments in the form of shorter and 
more readily crystallisable molecules
2
. However, in blends, the COi showed a complex dependence 
on the composition and on the polymerization temperature. But it was not possible to determine the 
COi in the blend for two reasons. Firstly, the absorption bands of PS and PHB, which could be used 
as reference bands, had varied intensities making the comparison between the homopolymers and 
blends unfeasible. Secondly, photo-degradation is a surface phenomenon and any increase in 
sample thickness could impact the quantification of the produced carbonyls
30
. Additionally, 
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overlapping of band at 1730 cm
-1 
contributed by
 
the carbonyl groups resulting from the PHB and 
degraded PS interfere with the COi measurement. 
 
4.4.2. Acetone Extraction 
Acetone extraction was carried out to recover and identify the degradation products from the 
samples. In general, chain scission appears to be directly related to the sunlight exposure as the 
largest decrease in the average molecular weight (MW) was observed during the summer months. 
Other investigators have also made similar observations
41,42
. Prior to the acetone extraction, the 
films were first incubated with low polarity solvent (n-hexane) for two days and no soluble 
fractions were found in any sample. Samples were dried and further extracted in acetone for two 
days and the low MW chemicals were recovered. Extraction was performed in samples that have 
been exposed for 0, 90, and 120 days. 
Samples subjected to thermal degradation alone produced no degradation products regardless of the 
exposure time or temperature (data not shown). 
Figure 4.10 shows the amount (% wt) of acetone extracted fraction from PS, PSPD and blends 
(S33B33M, S33B33MPD) that were exposed to sunlight for 120 days. All samples showed increase 
in the amount of extractable fractions with increased exposure time. Increase in PS and PSPD 
fractions were much smaller compared to the blends. Increase for PS was around 4% while PSPD 
was close to 7%. The highest amount of soluble fraction was around 29% recovered from the 
S33B33MPD blends. PS blends containing 33% of PHB without PD had a total recovery of 31% 
after 120 days of sunlight exposure, But considering the initial recovery at day zero of 23 %, the 
total increase from day 0 to 120 days was only 6-7%.  
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Figure 4.10. Acetone extractable fraction of PS, PSPD, S33B33M and S33B33MPD materials 
under sunlight exposure for 120 days. 
 
The carbonyl index of extracted fractions is shown in Figure 4.11. All samples showed the increase 
in carbonyl index with sunlight exposure, suggesting that during the photo-degradation, different 
reaction products were formed in time. As expected, control PS showed a steady increase in the 
COi but at a significantly slower rate compared to the level of oxidation achieved in PS films with 
additives (PSPD) by 120 days of exposure in sunlight. Both PHB blends showed increase in COi 
with time and the rate of increase was quite similar for both blends. 
 
  
Figure 4.11. Carbonyl index of extracted of PS, PSPD, S33B33M and S33B33MPD blends before 
and after 120 days of sunlight exposure. 
 
4. PS-PHB-P(S-MAn) Blends with Pro-degradant 
 155 
4.4.3. Chloroform Insoluble Fraction or Gel 
The acetone insoluble fraction was followed by the chloroform extraction, and the insoluble 
fraction or gel was recovered.  This fraction in polyolefin is produced by crosslinking and it is one 
of the products of its photo-oxidation. Free radicals formed during primary photochemical reactions 
participate in propagation process and finally can be recombined in the termination stage. 
Kaczmarek et al
43
 have showed that gel is formed when at least one crosslink is created per 
molecules and crosslinking in P(S-MAn) is faster and more efficient than the neat PS. 
Table 4.4 provide amount of chloroform insoluble gel recovered from samples before and after 
sunlight exposure. Gel contents in pre-exposed samples were drastically higher in blends with or 
without PD compared to neat PS or PSPD. Higher amount of gel content in blends were due to the 
presence of PHB and P(S-MAn) in the blends that may have formed inter- and intra- molecular 
crosslinking. Additionally, multiple processing of the material to achieve blends may also have 
contributed for high gel content in the blends. 
 
Table 4.4: Gel content (wt-%) of PS-PHB-P(S-MAn)-prodegradant based blends before and after 
sunlight exposure. 
Code 
Sunlight exposure (days) 
0 100 
PS 1 5 
PSPD 8 57 
S33B33M 55 55 
S33B33MPD 70 90 
 
Another explanation for the high gel content in samples containing PD is that PD processed under 
poor oxygen, shear and high temperature conditions produces radical reactions causing excessive 
cross-linking. After exposure to sunlight, while blends showed little or no increase in the gel 
content, PS and PSPD had almost 400 and 600% increase in gel content, respectively. Average 
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MW for chloroform soluble fractions is reported in Table 4.5. All samples showed a decrease in 
the molecular weight of about 15-17% after 100 days of sunlight exposure (Table 4.5). This 
suggests continued degradation and the formation reaction products in samples under the sunlight. 
 
Table 4.5: Mw of chloroform extracted chemicals from PS-PHB-P(S-MAn)-pro-degradant before 
and after 100 days sunlight exposure. 
Code 
Sunlight exposure 
(days) 
 
0 100 
PS 221930 185860 
PSPD 222990 189040 
S33B33MPD 214380 189230 
 
4.4.4. Thermal Properties 
Polymer degradation involves oxygen diffusion, thus, oxidation in polymer is generally restricted 
to the surface of the polymer
44,45
. While FTIR could provide important information about 
degradation at the surface of material, TGA and DSC provide information for the bulk of the 
material. Both TGA and DSC were used here to assess the thermal properties of PS blends. 
Generally, thermal decomposition of PS occurs in two stages: the first (between 80-160
o
C) 
involves elimination of low molecular weight volatile impurities, and the second stage (between 
320-430
o
C) where chemical bonds are disrupted and radicals or byproducts are produced
43
. Figure 
4.12 shows TGA traces of samples containing PD without (Fig. 4.12a & 4.12b) and with PHB 
(Fig. 4.12c and 4.12d) that were exposed to 60 °C for up to 90 days followed by the sunlight 
exposure for 120 days. Thermal aging alone had no impact on thermal stability of any blends. 
Thermal stability decreased markedly in samples that were thermally exposed and subsequently 
received 120 days of sunlight exposure (Figure 4.12). 
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a)      b) 
 
b)   d) 
Figure 4.12. TGA traces of PS-PHB-P(S-MAn)-pro-degradant blends thermal aged at 60 °C up 
to 90 days and sunlight exposure for 120 days. 
 
The weight-loss in PSPD films was much higher compared to neat PS film. Expectedly, the Td 
weight in neat PS film exposed to sunlight remained unchanged as neat PS is highly recalcitrant in 
natural environment. 
Presence of PD in PS films (PSPD) after sunlight exposures (120 days) were dramatically altered. 
The Td values in these samples decreased from 293 °C to 275 °C. However, the Td values for 
S33B33M and S33B33MPD blends, where PHB was present in conjunction with PS, remained 
unchanged. 
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This behaviour was further supported by DTGA peak temperature (Tp) values where compared to 
the PSPD films, S33B33M and S33B33MPD films remained practically unaltered. The Tp values as 
well as % residual weights (R490) were markedly distinct, particularly, in PSPD films exposed to 
sunlight (Table 4.6).  
 
Table 4.6: TGA data of PHB/PS/P(S-MAn)/Pro-degradant.
a)
 
Sample Td (
o
C) Tp1 (
o
C) R490 (%) 
PS (0) 289±19 413±2 0.24±0.1 
PS (120 day) 290±8 420±1 0.47±0.1 
PSPD(0) 293±20 415±5 1.68±0.1 
PSPD (120 day) 275±18 417±20 2.16±0.1 
S33B33M3 (0) 265±10 292±4 0.75±0.5 
S33B33M (120 day) 264±7 294±4 0.72±0.3 
S33B33MPD (0) 255±5 280±2 2±0.4 
S33B33MPD (120 day) 260±4 283±1 2.6±0.6 
a) Td is the decomposition temperature defined at 2 wt-% of weight loss; Tp is the first 
derivative peak; and R490 is the residual weight at 490
o
C. 
 
In general, the residue in all samples increased after sunlight exposure for 120 days, but increase in 
PSPD samples was more remarkable. Data suggested the occurrence of chain scission and 
formation of the low MW byproducts. It also appears that presence of PHB in PSPD formulations 
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had some influence on Tp and the residual weight. For example, in all blends, the % residue in PS 
and PSPD was higher than blend with PHB (Table 4.6). Inter and intra chain crosslinking in the 
polymer may have led to the lowering of % residues in these samples. 
From the DSC traces of 1
st
 heating scan, changes in the melting transition and glass transitions was 
observed in samples exposed in sunlight (Figure 4.13). A decrease in the Tg‘s was observed for 
both PS and PSPD samples However, the decrease was smaller for the neat PS but much more 
drastic for PSPD samples. The differences in the thermal behavior of these polymers may be 
attributed to the segmental mobility in the amorphous region as Tg is known to be sensitive to 
changes in chemical structure
46
. The large decrease of Tg, observed for PSPD with degradation 
results directly from the formation of shorter chains after the bond cleavage.  
 
Table 4.7: DSC 1
st
 heating scan Tg(°C), Tm(°C) , Xc (%) from sunlight exposure PS based blends 
Sample 
Tg PS(°C) Tm PHB(°C) Xc PHB (%) 
0 
(days) 
120 (days) 
0 
(days) 
120 
(days) 
0 
(days) 
120 
(days) 
PS 89 88 - - - - 
PSPD 92 89 - - - - 
S33B33M 94 94 165 160 58 58 
S33b33MPD 91 94 159 158 22 58 
*) Tg and Tm are the glass transition and melting temperatures, respectively, and Xc is the degree of 
crystallinity. 
 
The Tg remain unchanged for S33B33M blend before and after the exposure, but showed an 
increase in S33B33MPD blend. Formation of shorter chain molecules is an important step towards 
the degradation under environmental conditions. Martins et al.
47
 showed that the degree of 
crystallinity increased with increasing gel content (see later section). It has been mentioned earlier 
(Table 4.7) that the gel content in pre-oxidized samples generally increased with sunlight exposure.  
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   a)     b) 
 
 
   c)     d) 
Figure 4.13. DSC traces of the 1
st
 heating scan of a) PS, b) PSPD, c) S33B33M and d) 
S33B33MPD blends under sunlight exposure up to 120 days. 
 
Tables 4.8, 4.9 and Figure 4.14 showed the 2
nd
 and 3
rd
 heating scans of PS and PS-PHB blends. 
The Tg and Tm are quite similar to that of the 1
st
 heating. Few changes were noted in the amount of 
crystallinity after quenching. Craig et al.
48
 found that polymer containing PD when treated by 
melting-cooling cycle; the crystallinity of the new solidified material was influenced by the cooling 
conditions as well as by the molecular changes during the oxidation process. Thus, the shorter 
chains produced by scission are expected to crystallize more readily, while the material with cross-
links and molecular defects will not be able to crystallize and would be rejected from the newly 
formed crystals. 
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Table 4.8: DSC 2
nd
 heating scan Tg (°C), Tm (°C) , Xc (%)  from sunlight exposure PS based 
blends.
a)
 
Sample 
Tg PS(°C) Tm PHB(°C) Xc PHB (%) 
0 (days) 120 (days) 0 (days) 
120 
(days) 
0 (days) 
120 
(days) 
PS 89 88.6 - - - - 
PSPD 92 90.3 - - - - 
S33B33M 95 96.3 164 160 62 52 
S33b33MPD 96 97.6 161 159 20 51 
a) Tg, Tm are the glass transition, melting temperatures and Xc is the degree of crystallinity. 
 
Table 4.9. DSC 3
rd
 heating scan Tg (°C), Tm (°C) , Xc (%)  from sunlight exposure PS based 
blends.
a)
 
Sample 
Tg PS(°C) Tm PHB(°C) Xc PHB (%) 
0 (days) 120 (days) 0 (days) 
120 
(days) 
0 (days) 
120 
(days) 
PS 89 88 - - - - 
PSPD 90 90 - - - - 
S33B33M 94 95 164 159 64 49 
S33b33MPD 96 97.5 161 159 49 51 
a) Tg and Tm are the glass transition and melting temperatures, respectively and Xc is the degree of 
crystallinity. 
 
PhD Thesis – Mohamed Ahmed Abdelwahab 
 162 
  
  
Figure 4.14. DSC traces of the 2
nd
 heating scan of PS-PHB blends sunlight exposure up to 120 
days. 
 
4.4.5. Morphology Analysis 
Surface morphology of PS-PHB blends was observed on cryogenically fractured surface coated 
with gold-palladiun under SEM. Fractured surfaces of films without pro-degradant revealed that 
variations in morphology as a function of PS content. The effect of the addition of 4% pro-
degradant on the morphology of PS and S33B33M is shown in Figure 4.15. It can be observed that 
pro-degradant additives (dispersed phase) was not homogeneously distributed within the PS matrix 
and open spaces between the domains were apparent due to the poor adhesion of the dispersed 
particles of pro-degradant in PS matrix (PSPD) this can be attributed to that the matrix of the 
masterbatch is PE. 
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a) PSPD 
  
b) S33B33M 
   
c) S33B33MPD 
Figure 4.15. SEM of PS-PHB blends of a) PSPD, b) S33B33M and c) S33B33MPD. 
 
Also, the same result was obtained in the ternary blend (S33B33MPD) with 4% of pro-degradant. 
This heterogeneity in the morphology displayed by the pro-degradant and the blends was possibly 
caused by the lowering of interfacial tension due to the presence of PE as a masterbatch, allowing 
more phase coalescence. 
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4.4.6. Mechanical Properties 
Another way to characterize the degradation of polymeric materials is through the loss in their 
mechanical properties
49,50
. The tensile properties are very sensitive to any defect or imperfection on 
the surface. It is known that the degradation starts on the surface, resulting in deterioration of the 
superficial layer. Because of the difference of properties of the material in the surface and in the 
bulk, the surface can present cracks that act as defects and are the starting points of the rupture of 
the material. Hence, tensile tests can be used as a parameter to determine the oxidation end point in 
degradable PS. According with ASTM D5510
51
, the embrittlement endpoint of oxidatively 
degradable plastics is achieved when 75% of the specimens tested presented elongation at break of 
5% or less. 
Table 4.10 lists the Young modulus (YM), tensile stress at break and tensile strain at break of 
samples before and after sunlight exposure. The respective error was evaluated at 95% of 
confidence of Student's t-test. 
The YM of samples increased with the exposure time. The increase in the YM can be explained 
through the increase in the crystallinity of samples. More crystalline materials are more fragile, 
hard, deform little and need higher energy to deform. The YM of PSPD (1881 MPa) decreased than 
the YM of PS (1941 MPa) due to the heterogeneous system between the PS and masterbatch PE 
(pro-degradant) which decrease the crystallinity of the film. However, this is not affect on the 
degradation of PS. 
As observed in DSC, the crystallinity of samples containing pro-degradant is higher, and 
consequently the chain do not have necessary mobility. Moreover, the increase in the crystallinity 
brings the formation and propagation of cracks, decreasing the strain at break of samples. This can 
be explained because the increase in crystallinity is, of course, accompanied by a corresponding 
decrease in the amorphous content. As we can see in the Table 4.10, the tensile strain of samples 
decreased after 120 day of sunlight exposure. Also, PS-PHB blends presented a significant decay in 
tensile strain. 
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Table 4.10: Tensile properties of PHB/PS/P(S-MAn)/Pro-degradant before and after sunlight 
exposure
a)
. 
Sample 
YM 
 (MPa) 
TSB 
 (MPa) 
EB 
(%) 
Ps (0 day) 1941±53 31±1 1.9±0.1 
Ps (120 day) 2089±66 19±2 0.9±0.2 
PSPD (0 day) 1881±62 21±1 1.6±0.1 
PSPD (120 day) 1898±122 11±3 0.6±0.2 
S33B33M (0 day) 2106±50 20±5 0.99±0.3 
S33B33M (120 day) 2133±159 10±1 0.49±0.04 
S33B33MPD (0 day) 1931±74 17±5 1±0.4 
S33B33MPD (120 day) 2099±81 13±4 0.5±0.4 
a)
 Dispersion values calculated at 95% of confidence of Students t-test, YM is Young's modulus at 
0.3% of elongation, TSB and EB are tensile strength and elongation at break, respectively. 
 
4.5. Conclusion 
Thermally aged PS-PHB-P(S-MAn) blends showed no significant changes in degradation assessed 
by FTIR, TGA and GPC. PS and PS containg pro-degradant additives, upon exposure to sunlight, 
revealed several changes in the polymer backbone such as scission and crosslinking reactions, 
carbonyl group formation, decrease in the melting temperature and in the mechanical properties, 
superficial increase in the crystallinity. On the contrary, PS-PHB blends with and without pro-
degradant only showed slight degradation upon sunlight exposure. 
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5. SYNTHESIS OF PS-PHB BLOCK COPOLYMER USING ATRP 
 
5.1. Abstract 
Atom transfer radical polymerization (ATRP) was used to synthesize a block copolymer based on 
biodegradable poly(3-hydroxybutyrate) (PHB) and poly(styrene) (PS). The block copolymer was 
prepared in a three-step procedure which consisted of (i) transesterification reaction between 
diethylene glycol and a high molecular weight PHB (ii) synthesis of PHB-derived macroinitiator 
and (iii) ATRP polymerization to synthesize PS-PHB copolymer. FTIR, GPC, 
1
H- and 
13
C-NMR 
spectroscopy were used to determine the molecular structure and/or end-group functionalities at 
each step of the procedure. TGA showed that the copolymers underwent a stepwise thermal 
degradation and had better thermal stability than their respective homopolymers. Whereas, DSC 
revealed that the copolymer had an amorphous structure with longer PHB block. The PHB block 
with copolymer appears to have lost most of its crystallinity. Images obtained from the optical 
microscopy, transmission electron microscopy (TEM) and the atomic force microscopy (AFM) 
indicated well-deﬁned morphological domains in films made from the copolymer. Contact angles 
measurements revealed that the wettability properties of the block copolymer were between those 
of the PHB and PS homopolymers. 
 
5.2. Introduction 
Synthetic polymers currently used in industrial packaging are experiencing an explosive growth in 
municipal waste, and because of their recalcitrant nature, their disposal is considered problematic. 
Due to the environmental concerns, consumer awareness, and stricter regulatory measures for the 
use and disposal of synthetic polymeric materials, there is a demand as well as an opportunity for 
alternate materials for use in packaging
1
. Bio-based polymers appear to be well suited to replace 
synthetic, non-degradable thermoplastics in packaging. Biodegradable aliphatic polyesters 
produced via fermentation such as poly-(ε-caprolactone) (PCL), poly-(L-lactic acid) (PLA), and 
polyhydroxyalkanoates (PHA’s) offer a great potential2. One potential biopolymer family is that of 
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PHA’s that are biosynthesized from variety of microorganisms. Amongst PHA’s, PHB has been 
studied most extensively and is relatively easier to produce, and being a saturated polyester it 
behaves similarly to conventional thermoplastics
3
. As a result, microbial PHB has been attracted 
much attention as an environment degradable resin for a wide range of applications in agricultural, 
marine, and medical sectors
4. However, it has relatively high glass transition (4 oC) and melting 
temperatures (175-180 
o
C) that cause increased brittleness in PHB polymer resulting in a poor 
processing window and higher cost
5
. 
Various approaches have been explored to improve the performance of PHB polymer materials6. 
One approach is to incorporate other hydroxyalkanoate units into the polymer chain backbone to 
form random copolymers of (R)-3-hydroxybutyrate with (R)-3-hydroxyvalerate, 4-
hydroxybutyrate, and so on
7
. Another approach is to prepare miscible blends of PHB with other 
flexible biodegradable polymers or plasticizers of low molecular weight. In this regard, variety of 
PHB blends have been studied, which include binary blends with poly(vinyl acetate)
8-15
, 
poly(methylmethacrylate)
16-18
, poly(vinyl phenol)
19-22
, poly(ethylene oxide)
23-30
, poly(ethylene 
glycol)
31-34
, polylactide (PLA)
35-45
, cellulose derivatives
46-51
, and various PHB synthetic 
stereoisomer analogues
52-55
. New PHB-based materials can be produced by tweaking properties 
through blending of two or more polymers. However, most polymer blends are immiscible because 
of their high degrees of polymerization. Consequently, the entropic term becomes vanishingly 
small and the miscibility becomes increasingly dependent on the contribution of the enthalpic term. 
One promising approach for improving the physical properties and adjusting the degradation rate is 
to synthesize a block copolymer based on PHB through chemical or biological routes. Telechelic 
PHB of a low molecular weight with hydroxyl functionalities at each end has been prepared by a 
transesterification reaction of alkane diols and a high molecular weight PHB
56-60
. These telechelics 
could be used as macroinitiators in the synthesis of a block copolymer
61-70
. Various methods are 
used for developing block copolymer which include, controlled or “living” free radical 
polymerization techniques
61,65
, nitroxide-mediated polymerization (NMP)
62
, reversible addition-
fragmentation chain transfer (RAFT)
63
, and atom transfer radical polymerization (ATRP)
52,56,58,60,71-
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73
. ATRP is one of the well-developed controlled living polymerization and it has been attracting 
much attention as a new route to well-defined polymers with low polydispersities. 
At present, poly(styrene) (PS) is a material of choice for use in packaging and many single-use 
disposable products due mainly to its lower cost and favorable properties like low thermal 
conductivity, transparency and ideal rheological characteristics. One consistent drawback, however, 
is its non-biodegradability, and despite many efforts to recycle and reuse, PS remains a major 
contributor to municipal waste. New and innovative options are needed to overcome this challenge. 
One possible option is to prepare PS-based products containing a second biodegradable polymer 
component, which will at least help to reduce the amount of PS in municipal waste. PHB, a 
biodegradable polymer with a processing temperature closer to PS appears to be a good candidate, 
but is also incompatible with PS. Research presented here describes a new strategy to synthesize a 
novel triblock copolymer of a biodegradable PHB chain and PS using ATRP for potential use in 
packaging. Prepared materials were further characterized for their physical, thermal and 
morphological properties. 
 
5.3. Experimental 
5.3.1. Materials 
Biocyle® PHB with weight average molecular weight (Mw) 425 kg mol
-1
 and polydispersity 
(Mw/Mn) = 2.51 was kindly supplied by PHB Industrial S.A., Brazil. Styrene (S) monomer was 
purchased from Sigma-Aldrich, St. Louis, MO, USA. Anisole, diethylene glycol dimethyl ether 
(diglyme), sodium metal, 2,2′-Bipyridyl (Bipy), ethylene glycol, copper (I) bromide, α-
bromoisobutyryl bromide and dibutyltin dilurate were all reagent grade and purchased from Sigma-
Aldrich Chemical Company, St. Louis, MO. All other reagents used in this study were purchased 
from Sigma-Aldrich, St. Louis, MO, USA. 
The high molecular weight natural-origin PHB was purified by dissolution in chloroform for 24 
hour, removal of the chloroform-insoluble material by filtration, precipitation of the filtered 
chloroform solution into methanol, and washing of the filtrate with diethylether. The molecular 
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weight of this starting material was measured as Mw=256470 and Mn=145900 by GPC analysis. 
Anisole and diethylene glycol dimethyl ether (diglyme) were kept at 100°C over sodium for 4 h 
and then distilled under reduced pressure. S was washed with 5% NaOH and distilled water. After 
drying over Na2SO4, it was distilled under reduced pressure prior for further use. Triethylamine 
(TEA) was refluxed over KOH and distilled under nitrogen. Copper (I) bromide (CuBr) was 
purified by washing with glacial acetic acid followed by methanol. Chloroform washed with 
distilled water several times then distilled from CaCl2 before use. All other reagents were used as 
received. 
 
5.3.2. Preparattion of Telechelic PHB-Diol 
PHB-diol prepolymer was prepared by transesterfication using PHB and diethylene glycol with 
dibutyltin dilurate as the catalyst in diglyme as reported previously
56,60,65
. About 10 g of PHB was 
heated in a solution containing 100 ml of diglyme and 20 ml of ethylene glycol at 140 
o
C under a 
nitrogen atmosphere, to which 300 mg of dibutyltin dilaurate was added successively. After heating 
for 7 h, the reaction was stopped by cooling to 50 
o
C. The resulting solution was washed twice with 
distilled water and the product was extracted with chloroform. The organic phase was dried with 
anhydrous Na2SO4 and filtered. The resulting polymer was precipitated in low-boiling petroleum 
ether and separated by filtration. Precipitate was dried in a vacuum oven and a white solid polymer 
sample recovered. The total yield was roughly 30%. The chemical structures of the PHB-diols were 
confirmed by GPC, FTIR and 
1
H NMR spectroscopy. 
FT-IR (film): ν (cm-1) = 3400-3600 (ν -OH stretching), 2800-3000 (ν C-H aliphatic), 1723 (ν C=O), 
1400-1000 (ν C-O). 
1
HNMR (CDCl3): δ (ppm) = 5.1–5.3 (due to -CH- protons, b, of PHB), 4.13–4.34 (due to –CH2- 
protons, e, of Eg), 3.73-3.93 (due to –CH2- protons, d, of Eg), 2.32–2.81 (due to -CH2- protons, c, 
of PHB), 1.11–1.48 (due to –CH3- protons, a, of PHB). 
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5.3.3. Preparattion of Macroinitiator PHB-Br 
This reaction was adopted following the method described by Zhang et al.
60
. Briefly, PHB-diol 
prepolymer (1 g) was added to 25 ml of chloroform in a 50 mL flask under nitrogen atmosphere 
and stirred. About 0.323 g (3.2 mmol, four fold respects to OH content) of TEA was added. 
Susequently, α-bromoisobutyryl bromide (0.735 g, 3.2 mmol, four fold respects to OH content) was 
added drop-wise to the solution cooled in an ice bath. The reaction mixture was stirred at room 
temperature for 2 days. The precipitated byproduct was removed by filtration, and the solution was 
washed thoroughly with 5% aqueous NaHCO3 several times. The organic part was further washed 
with water and dried overnight over anhydrous Na2SO4 and solvent was removed with a rotary 
evaporator. The residue was first washed by dissolving in CHCl3 followed by methanol 
precipitation. This procedure was repeated three times before product was recovered. The resulting 
white, solid sample was dried for 2 days in vacuo (63% yield). The complete substitution of the 
hydroxyl groups was proved by the 
1
H NMR spectrum and 
13
C NMR spectrum. 
1
HNMR (CDCl3): δ (ppm) = 5.01–5.36 (due to -CH- protons, b, of PHB), 4.28–4.41 (due to –CH2- 
protons, e, of Eg), 4.07-4.25 (due to –CH2- protons, d, of Eg), 2.22-2.67 (due to -CH2- protons, c, 
of PHB), 1.94–1.86 (due to –CH3- protons, f, of Br compound), 1.11–1.33 (due to –CH3- protons, 
a, of PHB). 
13
C NMR (CDCl3): δ (ppm) = 19.5-20.8 (due to -CH3 carbons, 4, of PHB), 30.7 {due to -CH3 
carbons of the end group ([-C(CH3)2Br], 7), 40.0-41.8 (due to -CH2 carbons, 2, of PHB), 55.3 (due 
to –C(CH3)2Br carbons of the end group, 6), 61.5-64.5 (due to -O-CH2-CH2-O-CO- carbons, 8, 9, 
of Eg), 67.0-69.0 (due to –CH- carbons, 3, of PHB), 169.0-170.3 (due to –C=O carbons, 1, of 
PHB), 172.0 (due to –C=O carbons of the end group, 5). 
 
5.3.4. Preparattion of PS-PHB Block Copolymer by ATRP 
In a typical preparation, 0.25 g (0.096 mmol) of PHB-Br macroinitator, 2.2 ml (19.23 mmol) of 
styrene (200 times) and 2,2'-bipyridyl (0.045 g, 0.289 mmol) was dissolved in anisole (9 mL) in a 
dry Schlenk flask. The homogeneous solution was purged by nitrogen for 10 min. After three 
freeze-thaws pump cycles, 0.014 g (0.096 mmol) of CuBr was added. After four freeze-thaws 
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pump cycles, the polymerization was allowed to proceed for 66 h at 115 
o
C under nitrogen. When 
the reaction was stopped, the polymer mixture was dissolved in chloroform and then washed with 
water until discoloration of the water. The solvent was removed under vacuum, and the polymer 
was purified by repeated precipitations from chloroform solutions into methanol (22.5% yield). The 
chemical structure of the PS-PHB block copolymer was confirmed by FTIR, 
1
H NMR and 
13
C 
NMR spectroscopy. 
FT-IR (film): ν (cm-1) = 3080-3000 (ν C-H aromatic), 1722 (ν C=O), 1723 (ν C=O), 1610-1400 (ν 
C-H aromatic), 759 and 699 (ν C-H aromatic). 
1
HNMR (CDCl3): δ (ppm) = 6.21-7.9 (due to aromatic ring, i) 5.01–5.43 (due to -CH- protons, b, of 
PHB), 4.12–4.26 (due to –CH2- protons, e, of Eg), 3.92-4.04 (due to –CH2- protons, d, of Eg), 2.23-
2.72 (due to -CH2- protons, a, of PHB), 0.77–2.03 (due to –CH3- protons, c, f of PHB and Br 
compound and to –CH- and –CH2- protons, h, of PS backbone). 
13
C NMR (CDCl3): δ (ppm) = 19.3-20.1 (due to -CH3 carbons, 4, of PHB), 22.5 (due to -CH3 
carbons of the end group ([-C(CH3)2Br], 7), 29.6 {due to –CH2-CH-Ar, 11, 12, of styrene), 39.7-
41.3 (due to -CH2 carbons of PHB and C(CH3)2Br carbons of the end group, 2, 6), 64.3 (due to -O-
CH2-CH2-O-CO- carbons, 8, 9, of Eg), 67.0-68.5 (due to –CH- carbons, 3, of PHB), 125-130 (due 
to aromatic ring, 10), 144.6-147 (due to  aromatic ring, 13), 168.6-170.0 (due to –C=O carbons of 
PHB and –C=O carbons of the end group, 1, 5). 
 
5.3.5. Characterization 
1
H NMR measurements were performed in CDCl3 solution, using a Bruker AC250 (250.133 MHz) 
instrument. FT-IR spectra were recorded with a Spectrum One Perkin-Elmer Fourier Transform 
infrared spectrophotometer with 4 cm
-1
 resolution. Polymer films were cast on a KBr crystal plate. 
The number and weight average molecular weights of the polymers, Mn and Mw, respectively, were 
determined by size exclusion chromatography (SEC) with a Jasco PU-1580 liquid chromatography 
equipped with two PL gel 5 μm Mixed-D columns, a Jasco 830-RI refractive index detector, and a 
Perkin-Elmer LC75 UV detector. Polystyrene standards ((4.0 × 10
2
)-(4.0 × 10
5
) g/mol) were used 
for calibration. Pyrolysis was performed in a TGA Q500 Series of the TA Instruments. Generally, 
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sample size was about 7 mg. Samples were scanned from 30 °C to 500 °C at 10 °C/min under 
nitrogen atmosphere at 60 mL/min flow rate using a platinum sample pan of 50 L. DSC traces 
were performed in a Mettler-Toledo instrument TA 4000 System consisting of the DSC-30 module 
and Star software. Samples of 5–10 mg were weighed in 40 L aluminium pan and an empty pan 
was used as reference. DSC temperature calibration was performed using indium, lead and zinc 
standards and energy calibration by using indium standard. Measurements were performed under 
nitrogen flow rate of 80 mL min
-1
 according to the following protocol: 1) First and second heating 
scans from -20 °C to 200 °C at 10 °C.min
-1
; 2) Cooling scan from 200 °C to -20 °C at 100 °C.min
-1
. 
The melting enthalpy of 146 J/g was used to determine the degree of crystallinity
74
. Optical 
morphology observations and micrographs were recorded on a small fragments inserted between 
two microscope cover glasses using a Nikon polarized optical microscope (Optiphot-Pol) equipped 
with a Mettler FP82 hot stage. The samples were heated up to 200 
o
C, held at this temperature by 2 
min, compressed to decrease film thickness and cooled down to room temperature and maintained 
at that temperature for 30 min for crystallization. Atomic force microscopy (AFM) experiments 
under ambient conditions (dry state) were done in the tapping mode on a commercial Multimode 
system equipped with a Nanoscope IV controller (Veeco Instruments) using silicon cantilevers with 
a nominal force constant of ~ 30 N/m from Veeco (type RTESP) at a resonance frequency of about 
320 kHz. The scan rate was kept at 1 Hz in all experiments, while the tip-sample forces were 
carefully minimized to avoid artifacts. To characterize the (sub-) microscale structure of the 
coatings, root-mean-square (rms) roughness was determined over regions of 1 × 1 μm2 size and 
averaged over at least 5 measurements. A thin film was prepared by spin-coating a 3% wt polymer 
solution on glass slide for transmission electron microscope (TEM), samples of the copolymer was 
dissolved in Chloroform and deposited on carbon coated copper grid and dried at room temperature 
for 24 h. Then, the grid was investigated by TEM JEOL 1011 at 100 eK. Static contact angles (θ) 
were measured on one-layer and two layer coatings using the sessile drop technique with a FTA200 
Camtel goniometer (water (J. T. Baker, HPLC grade)). 
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5.4. Result and Discussion 
5.4.1. Preparation of PS-PHB Block Copolymer and Characterization 
Block copolymer consisted of a block of PHB and a block of PS had dual hydrophilic-hydrophobic 
nature and yielded a material of mixed characteristics. The copolymerization was completed via a 
three-step procedure (Scheme 5.1). In the first step, bacterial PHB of high molecular weight (Mn, 
Mw = 127, 217 KDa, respectively) was converted into telechelic PHB-diol of low molecular weight 
(Mn, Mw = 5.4, 8.6 KDa, respectively) by transesterification reaction in the presence of ethylene 
glycol using dibutyltin dilurate as the catalyst. The aim of this step was to prepare PHB with one 
free terminal hydroxyl group on both ends, which can be used for preparation of linear block 
copolymers in the next step by chain-extending reactions. Also, natural-origin PHB of high 
molecular weight was degraded by controlled transesterification to provide low molecular weight 
PHB polymers with an active hydroxyl group. The reaction was followed up by using GPC as 
indicated in the Table 5.1. 
 
Table 5.1: Change of molecular weight of PHB-Ethylene glycol by time 
Mw/Mn 
Mw 
(KDa) 
Mn 
(KDa) 
Name 
1.70 217 127 PHB-Eg-0 hour 
1.78 76 43 PHB-Eg-1 hour 
1.53 25 16 PHB-Eg-3 hour 
1.54 16 10 PHB-Eg-4 hour 
2.01 11 5.5 PHB-Eg-5 hour 
1.91 9.2 4.8 PHB-Eg-6 hour 
1.58 8.6 5.4 PHB-Eg-7 hour 
 
The reaction had abrupt behaviour and starting material PHB-0 degraded within 1 h down to 33 % 
of the original molecular weight. Oligomers with higher molecular weight were obtained when the 
reaction was continued for 7 h. The Mn of PHB-diol was about 2000 g/mol as determined from 
1
H 
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NMR, which is comparable to the Mn of 5400 g/mol determined by the GPC analysis. The Mn 
obtained from 
1
H NMR is more reliable, because the Mn determined from GPC used polystyrene as 
standards. 
 
 
Scheme 5.1. ATRP reaction of PS-PHB copolymer 
 
FT-IR analysis indicated the presence of the absorption bands at 3540 cm
-1
 corresponding to the 
hydroxyl group revealing the formation of PHB-diol (Figure 5.1). Also, an intensive carbonyl 
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stretching band at 1723 cm
-1
 showed a characteristic spectrum of pure PHB-diol 
66
. Further 
confirmation of PHB-diol structure formation was also revealed by 
1
H NMR analysis (Figure 5.2a, 
5.2b). The 
1
H NMR spectra of the telechelic PHB-diol synthesized in this study revealed 
characteristic peaks from 4.07 - 4.41 ppm assigned to methylene group of ethylene glycol 
confirming the structure of PHB-diol. These results are in complete agreement with previous study 
conducted by Saad et al
63
. 
 
 
Figure 5.1. FTIR of PHB, PHB-Eg, PHB-Br and PS-PHB copolymer 
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Figure 5.2. 
1
H NMR spectra of a) PHB and b) PHB-OH  
 
In the second step, bromo-terminated PHB macroinitiator having molecular weights of Mn, Mw = 3, 
4 KDa, respectively, were prepared from α-bromoisobutyryl bromide in chloroform in the presence 
of TEA at 0
 o
C. The complete substitution of the hydroxyl groups was confirmed both by 
1
H NMR 
and 
13
C NMR spectra. The 
1
H NMR spectra (Figure 5.3) showed the disappearance of signals of 
protons d and e of PHB-diol in CDCl3 around 4.07 and 4.41 ppm, respectively, after the 
esteriﬁcation, and appearance of new signals at 3.92 and 4.26 ppm for e and d of PHB–Br due to 
the substituted PHB-diol. The signal at 1.9 ppm in Figure 5.3 is contributed from the methyl 
protons of the 2-bromo-2-methylpropionyl fragments introduced in the chain end of PHB–Br. 
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Figure 5.3. 
1
H NMR spectra of PHB-Br 
 
The 
13
C NMR spectra also confirmed the complete modification of the biodegradable PHB 
polyester with bromine compound. Also apparent in Figure 5.4 are methyl carbons (-CH3) and 
methane carbons (-C-Br) of the end group [(-C-(CH3)2Br)] at 30.7 and 55.3 ppm, respectively.  
In the last step, PS-PHB copolymer was synthesized via ATRP of styrene using PHB-Br as 
macroinitiator and cuprous bromide (CuBr)/2,2'-bipyridyl complex as catalyst, in the presence of 
anisole as solvent at 115 
o
C. In this regard, it has been reported that the polarity of solvent could 
significantly affect the position of the active and dormant species equilibrium and was a key 
parameter in determining the success of the ATRP reaction
75
. The amount of CuBr and 2,2'-
bipyridine used were calculated on as per ratios between PHB-Br/CuBr/2,2'-bipyridine:1/1/3. To 
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minimize the impact of water and oxygen on polymerization, the reaction was performed under a 
nitrogen atmosphere and anhydrous conditions and the copolymer was separated and purified as 
described earlier. Conversion of monomer increased with extension of polymerization time 
approaching ~ 71 wt-% within 66 h. The extension of polymerization time, however, had no affect 
on the polymerization yields. 
 
 
Figure 5.4. 
13
C NMR spectra of PHB-Br 
 
The molecular weights of the polymers determined by GPC are provided in Figure 5.5 and Table 
5.2. GPC results provided important and effective data indicating the formation of block copolymer 
structure. Comparison of the molecular weights of the block copolymer with that of macroinitiator 
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revealed a two-fold increase in the Mn and Mw of copolymer from 3, 4 KDa to 7, 8 KDa, 
respectively. 
 
 
Figure 5.5. GPC of PHB-Br and PS-PHB block copolymer 
 
Table 5.2: Molecular weight of ATRP of PS-PHB block copolymer 
Mn 
(kDa)
b
 
Mw/Mn 
Mw 
(kDa) 
Mn 
(kDa)
a
 
Name 
- 1.70 217 127 PHB 
2 1.58 8.6 5.4 PHB-Eg 
2.6 1.26 4 3 PHB-Br 
8.4 1.22 8 7 PS-PHB 
a) Data obtained from GPC, b) data obtained from 1HNMR 
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FTIR spectra of the synthesized copolymer of PS-PHB (Figure 5-1) exhibited multiple bands at 
3030 cm
-1
 due to the C-H aromatic ring stretching. Strong peaks shown at 1602, 1494 and 699 cm
-1
 
are due to the presence of styrene component in the copolymer. 
Resonances observed at 6.21-7.9 ppm in the 
1
H NMR spectrum of the PS-PHB copolymer (Figure 
5.6) were due to aromatic ring of the styrene, whereas, resonance from 1.86 to 2.03 ppm was due to 
the protons of PS backbone. These observations were further confirmed by 
13
C NMR indicating the 
presence of aromatic ring at 30, 125-130 and 145-147 ppm (Figure 5.7). 
 
 
Figure 5.6. 
1
H NMR spectra of PS-PHB block copolymer 
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Figure 5.7. 
13
C NMR spectra of PS-PHB block copolymer 
 
5.4.2. Thermal Properties of PS-PHB Block Copolymer 
Thermal analyses also confirmed the formation of graft copolymer structure (Figure 5.8 and Table 
5.3). In general, PHB decomposed in a single degradation step. The temperature of 2% weight loss 
(Td) in the sample was considered as the onset of degradation. This pristine PHB was measured 
around 233 
o
C, whereas the temperature of maximum degradation rate (Tp) was around 274 
o
C. 
PHB residual weight measured at 490 
o
C was 0.4 wt-%. PHB-Eg and PHB-Br decomposition also 
occurred in a single degradation step. The onset temperature (Td) in PHB-Eg and PHB-Br was 
around 220 
o
C and 238 
o
C, respectively. On the other hand, two-step thermal degradation was 
observed in the block copolymer (PS-PHB) with a significant increase in Td value (17 
o
C) 
compared to neat PHB. The first step of degradation was in the range of 240–320 oC due mostly to 
the decomposition of PHB. The second step was in the range of 320–500 oC representing the 
decomposition of the more thermally stable PS component. The significant changes were also 
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apparent in the thermal properties of the copolymer attributed to the reaction between PHB and PS 
(Table 5.3). The temperature of Tp1 for copolymer was increased from 274 
o
C to 283 
o
C for PHB. 
The presence of the second derivative at 415
 o
C indicated the formation of the block copolymer and 
PS. Since the copolymer has a greater amorphous content than neat PHB, it is expected that the 
copolymer will have a higher thermal stability. In this regard, copolymers with higher degree of 
crystallinity have shown to be less thermally stable
60,76
. The residue recovered after the thermal 
degradation of the copolymer (0.38 %) was more or less equivalent to the residue resulted from the 
neat PHB (Table 5.3). 
 
Table 5.3: TGA data of PS-PHB block copolymer.
a)
 
Sample Td (
o
C) Tp1(
o
C) Tp1(
o
C) R490 (%) 
PHB 233 274 __ 0.4 
PHB-Eg 220 277 __ 0.43 
PHB-Br 238 289 __ 0.71 
PS-PHB 250 283 415 0.38 
a) Td is the decomposition temperature defined at 2 wt-% of weight loss; Tp is the first 
derivarive peak; and R600 is the residual weight at 490
 o
C. 
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Figure 5.8. TGA and DTG of PHB, PHB-Eg, PHB-Br and PS-PHB copolymer 
 
The neat PHB polymer is mostly amorphous after quenching, as suggested by the equivalent areas 
of cold crystallization and melting peaks (Figure 5.9). DSC curve of the first heating of pure PHB 
exhibited a sharp melting transition at 181 
o
C (Table 5.4). PHB-Eg and PHB-Br both (Table 5.4) 
revealed melting transitions with a sharp melting peak along with a smaller secondary peak. This 
may be due to the destruction of the crystalline structure of PHB during the transesterification and 
the bromination reaction.  The DSC thermogram of PS-PHB block copolymer exhibited a minor 
melting transition at 143
 o
C due to PHB block, one glass transition around 104 
o
C due to PS block 
and one glass transition at around 51 
o
C due to miscible copolymer of PS-PHB (Figure 5.9). It is 
not surprising, since factors such as surface energy, end-groups, and diluents have been known to 
influence the Tm of polymers
54
. The lowered Xc and Tm of PS-PHB copolymer compared to those of 
their corresponding precursors are believed to be due to the mutual interference from each other 
(Table 5.4). 
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Figure 5.9. DSC of 1
st
 heating of PHB, PHB-Eg, PHB-Br and PS-PHB block copolymer 
 
Table 5.4: DSC parameters (1
st
 heating) of ATRP PS-PHB block copolymer 
Code 
Tg1 
(
o
C) 
Tg2 
(
o
C) 
Tm 
(
o
C) 
Xc PHB 
(%) 
PHB 24 —— 181 60 
PHB-Eg 13 87 117,137 39 
PHB-Br 13 —— 120,140 52 
PS-PHB 51 104 143 21 
a) Tg and Tm are the glass transition and melting temperature, respectively, and Xc is the 
degree of crystallinity. 
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In the second heating, PHB behaves as a typical crystalline polymer
77
 as indicated by its glass 
transition temperature (Tg) and the cold crystallization  temperature (Tcc) of 3.8 and 24 
o
C, 
respectively. The PS on the other hand, behaves as an amorphous polymer with Tg of 89 
o
C, much 
higher than that of the PHB (Table 5.5). Tm of PHB-Eg was found to be 105, 122 and 133
o
C, and 
Tm of PHB-Br was 116, 134 and 140
 o
C. The presence of different melting temperatures once again 
indicated the destruction of crystalline structure of PHB (Figure 5.10). Moreover, the lower 
temperature peak can be attributable to the fusion of the crystallites formed upon cooling the melt, 
whereas the higher peaks may be due to the fusion where spherulites are recrystallized and 
perfected during the subsequent heating. In the PS-PHB copolymer, the Tm peak of PHB could not 
be observed (Figure 5-10), indicating that PHB crystalline phase was not formed. This was also 
confirmed with the TGA data as indicated earlier. However, three Tg's were found; Tg at lower 
temperature (2
 o
C) attributed to the PHB block, Tg at higher temperature (136
 o
C) attributed to the 
PS block and the Tg at intermediate temperature (59 
o
C) typical of both block and graft copolymer 
(Figure 5.10). The crystallinity of neat PHB was 61 % which decreased to 19 % in PHB-Br. The 
disappearance of crystallinity in the PS-PHB copolymer was also noted, further confirming the 
formation of the copolymer structure. The disappearance of crystallinity in the copolymer may 
have resulted during its cooling from the molten state, which restricted the crystallization of PHB 
blocks due to the interference from the PS content of the copolymer. However, when the PHB 
component of the copolymer were first solidified and crystallized at higher temperature, the PS 
blocks in the copolymer were excluded and confined between the PHB lamellae, thus, restricting 
the mobility of PS segment and crystallization of PHB segment. 
 
5. Synthesis of PS-PHB Block Copolymer Using ATRP 
 191 
 
Figure 5.10. DSC of 2
nd
 heating of PHB, PHB-Eg, PHB-Br and PS-PHB copolymer. 
 
Table 5.5: DSC parameters (2
nd
 heating) of ATRP PS-PHB block copolymer
a
 
Code 
Tg1 
(
o
C) 
Tg2 
(
o
C) 
Tg3 
(
o
C) 
Tc 
(
o
C) 
Tm, PHB 
(
o
C) 
Xc PHB 
(%) 
PHB 3.8 —— —— 24 179 61 
BHB-Eg -1 —— —— 39 105,122,133 24 
PHB-Br 10 —— —— 33 116,134,140 19 
PS-PHB 2 59 136 —— —— —— 
a) Tg, Tc and Tm are the glass transition, cold crystallization, and melting temperature, 
respectively, and Xc is the degree of crystallinity. 
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5.4.3. Morphology of PS-PHB Block Copolymer 
The morphology of PS-PHB copolymer was studied using polarized optical microscope.  PHB is 
known to have a crystalline morphology and form nucleated spherulites which exhibit a typical 
banded structure
78,79
. Expectedly, the PS-PHB copolymer which is devoid of crystallinity showed 
no spherulite formation but only few spot (Figure 5.11a). This is attributed to the destruction of 
crystalline structure of PHB in a PS-PHB copolymer described earlier. This was further confirmed 
by the TEM images of the copolymer indicating the amorphous nature of the copolymer that has 
lost its crystallinity (Figure 5.11b). 
 
 
Figure 5.11. Photo of a) Optical microscope and b) TEM of PS-PHB copolymer 
 
The AFM clearly shows the phase images of the PS-PHB copolymer after samples were annealed 
at 120°C for 24 h (Figure 5.12). An array of laterally regular lamellar structures (or domains) 
perpendicular to the substrate plane were visible on the surface of the block copolymer due to 
phase separation. Domains were homogenously distributed along the surface and were often 
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truncated. The length of these domains ranged between 100-700 nm, with a diameter of 44 nm and 
the height ranging between 1-5 nm. 
 
 
Figure 5.12: AFM phase of PS-PHB copolymer at different scale 
 
5.4.4. Contact Angle Measurements 
The contact angle measurements were made to examine the hydrophilicity/hydrophobicity of the 
copolymer. Copolymer samples were spin-coated on glass slides from chloroform and toluene 
solutions and static contact angles ( were measured using water as wetting liquid (Table 5.6). 
The contact angle of copolymer in toluene (95
o
) was much higher than the contact angle of 
copolymer in chloroform (85
o
). While the contact angles of PHB and PS were 76° and 99
o
, 
respectively, in chloroform. Interestingly, the static contact angle of PS-PHB block copolymer was 
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found to be somewhat in between these two values (85
o
). This indicated the migration of the PS 
block on the surface of the film in the presence of water. 
 
Table 5.6: Contact angle data of the PS-PHB copolymer 
Sample 
Contact angle 
(
o
) 
PHB 76±1.1 
PS 99±1.11 
PS-PHB Copolymer in CHCl3 85±0.81 
PS-PHB Copolymer in Toluene 95±1.3 
a) Errors were calculated at 95% of confidence of Students t-test 
 
5.5. Conclusion 
A PHB and PS based block copolymer was successfully synthesized using ATRP reaction where 
PS has been compatiblized with a biodegradable polymer, PHB. The synthesized copolymer has 
properties quite similar to that of the PS, which offers promise for this material for use in products 
by industrial, medical and packaging sectors. Incorporation of a biodegradable component in a 
compatablized PS would provide some relief to the ever increasing PS-waste in the landfills. 
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6. PS-PHB BLENDS COMPATIBILIZED WITH A SYNTHESIZED PS-PHB BLOCK 
COPOLYMER 
 
 
6.1. Abstract 
PHB and PS based blends were prepared by casting using a previously synthesized PS-PHB 
copolymer as a compatibilizer. Blends were analyzed for their morphology and thermal properties. 
Blends showed good miscibility and had well defined morphological features. Thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC) indicated that the PS-PHB blends 
containing 33 wt-% compatibilizer had better thermal properties than pure PHB as well as 
improved miscibility. Polymer blends exhibited lower crystallinity and decreased stiffness which 
was proportional to the amount of compatibilizer content in the blends. The contact angle of the test 
films showed that the hydrophobic-hydrophilic nature of the blend was somewhat between that of 
the pure PHB and PS, indicating a compatibilized blend. 
 
6.2. Introduction 
The demand for biodegradable polymers has increased in recent years as consumers‘ world-wide 
are seeking environmentally compatible products, in particular, the single-use disposable packaging 
where polymeric materials degrade rapidly after disposal
1
. In this regard, fully biodegradable 
aliphatic polyesters such as poly-(ε-caprolactone) (PCL), poly-(L-lactic acid) (PLA), and poly-(3-
hydroxybutyrate) (PHB) offer a great promise
2
.  
PHB, thermoplastic polyester produced by bacteria, offers many attractive properties. These 
properties include, biodegradability, biocompatibility, optical activity, and processing 
characteristics that are similar to those of conventional thermoplastics
3
. For these reasons, PHB is a 
highly desirable material for a wide range of agricultural, marine, and medical applications
3
. 
Unfortunately, PHB has few inherent deficiencies that have limited its use as an engineering 
material. These include brittleness due to its high crystallinity and thermal instability near its 
melting point (~ 180
o
C)
4-7
. Efforts are under way in many laboratories to overcome these 
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deficiencies. Blending with other polymers to improve property and processability has been used as 
one approach
8
. 
PHB is miscible with synthetic polymers such as poly(ethylene oxide)(PEO)
9-16
, poly(vinyl 
acetate)
17-24
 and highly saponified poly(vinyl alcohol)(PVA)
25-27
. However, chemical modification 
is thought to be a more direct and effective way to improve PHB properties. In this regard, 
biosynthesis of copolyester containing 3-hydroxyalkanoates (3HA) units, other than 3-
hydroxubutyrate (3HB) units such as poly(3-hydroxubutyrate-co-3-hydroxyvalerate) (P(3HB-co-
3HV) and poly(3-hydroxubutyrate-co-4-hydroxubutyrate)(P(3HBco-4HB)) has been investigated
28
. 
Copolymerization greatly improved the brittleness of PHB. The synthesis of PHB-containing block 
copolymers from PHB chain segments obtained via degradation of the natural origin PHB has also 
been reported
29-33
. In this case, the living character of the catalyst-polymerization system provides a 
route to synthesize a number of diblock copolymers containing PCL
34
 and PLA
35
 chain segments. 
Our laboratory has also synthesized a PS-PHB block copolymer using the atom transfer radical 
polymerization (ATRP) methods (Chapter 5). 
Though PHB and PS have quite similar processing temperatures, these polymers are generally 
incompatible, as reflected by their phase separation. Phase-separation problems in binary blends 
can be overcome to some degree by the presence of suitable block or graft copolymers that also act 
as compatibilizer
36-40
. Studies have been conducted in our laboratory where PS and PHB have been 
compatibilized using commercially available compatibilizing agents based on PS random 
copolymers containing methylmethacrylate (MMA) or maleic anhydride (MAn) comonomers 
(Chapter 2, 3). However, an excessive amount of compatibilizer was required in order to achieve 
good compatibilization in blends due to the random character of the copolymers. As an extension 
of our previous work on PS-PHB blends (Chapter 5), the influence of adding the PS-PHB block 
copolymer on the morphology and thermal properties of PS-PHB blends was investigated. 
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6.3. Experimental 
6.3.1. Materials 
Biocyle® PHB with weight average molecular weight (Mw) 425 kg mol
-1
 and polydispersity 
(Mw/Mn) = 2.51 was kindly supplied by PHB Industrial S.A., Brazil. Poly(styrene) (PS) (Empera 
124N) with a melt volume-flow rate (MVR) of 12 cm
3 
10 min
-1
 was purchased from Ineos Nova 
International SA. All other chemicals used in this study were purchased from Sigma-Aldrich 
Chemicals, St. Louis, MO, USA and were reagent grade. 
The high molecular weight natural-origin PHB was purified by dissolution in chloroform for 24 
hour, removal of the chloroform-insoluble material by filtration, precipitation of the filtered 
chloroform solution into methanol, and washing of the filtrate with diethylether. The molecular 
weight of this starting material was measured as Mw=256470 and Mn=145900 as measured by GPC. 
The copolymer was prepared according to the reported method (Chapter 5) by applying a three-step 
procedure: (i) transesterification reaction of alkane diols and PHB with a high molecular weight (ii) 
synthesis of PHB-derived macroinitiator species and (iii) ATRP of PS yielding a copolymer. The 
copolymer was characterized by GPC, 
1
HNMR and 
13
CNMR. As a result, the PHB content are 29 
mol %. 
 
6.3.2. Preparation of PS-PHB-(PS-PHB) Block Copolymer Blends by Casting-Milling 
Compression Molding 
PS-PHB blends compatibilized with PS-PHB block copolymer were obtained by solution casting. 
Totally, 0.1 g of PHB, PS and copolymer in a series of weight ratios (45:45:10, 40:40:20 and 
33.3:33.3:33.3), respectively, was dissolved in chloroform (5% w/v). Then, the solution was cast 
over Teflon plate. The plates were maintained at room temperature to allow the complete 
evaporation of chloroform. The evaporation of solvent resulted in the formation of blend films in 
the Teflon plates. Vacuum drying was further applied to completely remove any possible solvent 
remaining in the films. 
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6.3.3. Characterization 
The cross-section morphologies of films were recorded using a JEOL (JSM-5600LV) scanning 
electron microscope (SEM) at the required magnification and with accelerating voltage of 14KV. 
The samples was cut from a compression molded sheet prepared by heating the powder at 175
 o
C 
with applying pressure of 100 MPa for 2 min at the same temperature. The film samples frozen in 
liquid nitrogen were fractured and sputtered with gold before SEM observation. Optical 
morphology observations and micrographs, were recorded on a small fragments inserted between 
two microscope cover glasses using a Nikon polarized optical microscope (Optiphot-Pol) equipped 
with a Mettler FP82 hot stage. The samples were heated up to 200
 o
C, held at this temperature by 2 
min, compressed to decrease film thickness and cooled down to 30 °C and maintained at that 
temperature for 30 min for crystallization. Atomic force microscopy (AFM) experiments under 
ambient conditions (dry state) were done in the tapping mode on a commercial Multimode system 
equipped with a Nanoscope IV controller (Veeco Instruments) using silicon cantilevers with a 
nominal force constant of ~30 N/m from Veeco (type RTESP) at a resonance frequency of about 
320 kHz. The scan rate was kept at 1 Hz in all experiments, while the tip-sample forces were 
carefully minimized to avoid artifacts. To characterize the (sub-) microscale structure of the 
coatings, root-mean-square (rms) roughness was determined over regions of 1 × 1 μm2 size and 
averaged over at least 5 measurements. Pyrolysis was performed in a TGA Q500 Series of the TA 
Instruments. Generally, sample size was about 7 mg. Samples were scanned from 30 °C to 500 °C 
at 10 °C/min under nitrogen atmosphere at 60 mL/min flow rate using a platinum sample pan of 50 
L. Thermo-oxidation experiments were performed in the same temperature range and rate under 
air atmosphere. DSC traces were performed in a Mettler-Toledo instrument TA 4000 System 
consisting of the DSC-30 module and Star software. Samples of 5–10 mg were weighed in 40 L 
aluminum pan and an empty pan was used as reference. DSC temperature calibration was 
performed using indium, lead and zinc standards and energy calibration by using indium standard. 
Measurements were performed under nitrogen flow rate of 80 mL·min
-1
 according to the following 
protocol: 1) First and second heating scan from -20 °C to 200 °C at 10 °C·min
-1
; 2) Cooling scan 
from 200 °C to -20 °C at 100 °C·min
-1
. Static contact angles (θ) were measured on one-layer and 
two layer coatings using the sessile drop technique with a FTA200 Camtel goniometer (water (J. T. 
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Baker, HPLC grade)). The measured values of θ were then used to extract the surface tension of the 
polymer films referring to the so-called Owens-Wendt-Kaelble approach. 
 
6.4. Results and Discussion 
6.4.1. Morphology Analysis 
One of the key factors for achieving the desired final properties in polymer blends is control of the 
morphology
41
. Fractured surfaces of PS-PHB blends containing compatibilizer at three different 
concentrations (10, 20 and 33%) were examined for surface morphology under the scanning 
electron microscopy (Figure 6.1). While PS appears to form the matrix, PHB was randomly 
dispersed as filler in the form of small beads. Phase separation was distinctly apparent, particularly, 
in blends with 10 and 20% compatibilizer (Figure 6.1a, 6.1b). Blends with 33% compatibilizer, 
however, was much smoother, exhibiting compatibility and better adhesion between the two 
polymers (Figure 6.1c). 
 
  
(a) 45PHB-45PS-10Copolymer  (b) 40PHB-40PS-20Copolymer  
 
 
(c) 33PHB-33PS-33Copolymer   
Figure 6.1. SEM photos of PS-PHB blends 
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Samples examined by the atomic force microscopy after annealing at 120
o
C provided similar 
results where phase separation was apparent at lower compatibilizer concentration (10 and 20%) 
but disappeared in blends with at 33% compatibilizer, again suggesting the PHB and PS 
compatibility at a higher compatibilizer concentration, Figure 6.2. Surface topography showed a 
much smoother surface. 
  
Phase of 45P-45S-10C Topology of 45P-45S-10C 
  
Phase of 40P-40S-20C Topology of 40P-40S-20C 
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Phase of 33P-33S-33 C  Topology of 33P-33S-33 C 
 
Figure 6.2. AFM photos of PS-PHB blends 
 
Examination of blends under polarized optical microscope showed large spherulites in PHB which 
decreased with increased amount of compatibilizer (Figure 6.3). Generally, spherulites contribute 
toward the PHB crystallinity; therefore, any decreased in spherulites concentration at higher 
compatibilizer content will also leads to lower crystallinity in the material. This could be attributed 
to the nucleating action of PHB decreased by increase the amount of compatibilizer. Furthermore, 
the radius of the shperulites was reduced which overcoming brittleness of the film sample
42
. No 
phase separation was observed in these blends suggesting a good miscibility and dispersion of 
compatibilizer in the interspherulite regions (Figure 6.3). 
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45PHB-45PS-10C unpolarized 45PHB-45PS-10C polarized 
  
33PHB-33PS-33C unpolarized 33PHB-33PS-33C polarized 
 
Figure 6.3. Polarized and non-polarized light of PS-PHB blends 
 
6.4.2. Thermogravimetric Analysis 
TGA provides important data parameters relating to thermal stability of polymers that is very 
useful in polymer processing and formulation
43,44
. For TGA analyses, experiments were conducted 
under nitrogen atmosphere in the range temperature of 30-500
o
C and the pyrolysis residue was 
measured at 490
o
C (Table 6.1). In general, all blends had less than 1% residue with only negligible 
variability. The onset temperature of decomposition (Tonset) of PS was 386
 o
C which was about 145
 
o
C, 126 
o
C higher than the neat PHB and PS-PHB copolymer, respectively (Figure 6.4a). The Tonset 
of the synthesized PS-PHB copolymer alone was 260 
o
C which was closer to the neat PHB (256 
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o
C). This indicated that thermally stable PS probably protected the PHB from thermal degradation. 
Ternary blends containing the compatibilizer behaved differently (Figure 6.4a). Tonset of all 
formulations containing compatibilizer had a higher Tonset than the neat PHB. Moreover, the Tonset 
values for the PS in all formulations with compatibilizer remained unchanged compared to the neat 
PS. Thus, presence of compatibilzer appears to improve the thermal stability of the PHB in blends. 
The peak degradation temperature (Tp) data clearly indicated that the PS-PHB copolymer or 
compatibilizer was composed of two well-separated weight loss steps centered at about 283 and 
415 °C, attributed mostly to the thermal degradation of neat PHB and neat PS, respectively (Figure 
6.4b). In formulation with added compatibilizer, all blend showed analogous behavior, with two 
weight loss deriving from thermal degradation of the PHB and PS backbone. The values of Tp1 for 
PHB and Tp2 for PS of the blends were practically invariable compared to their neat samples. The 
degradation of blends with 10% compatibilizer was quite similar to neat PHB. 
The effect of blending on thermal stability can be grouped into one of the following three 
categories: (a) the thermal stability of the blend is higher than that of the more stable blend 
component. Such observations are interpreted as a definite improvement in thermal stability due to 
blending. It is sometimes considered as corroborating evidence for the existence of strong 
interaction between polymers in the blend, which could lead to miscibility. (b) The thermal stability 
of the blend is lower than the least stable component. Such observations are an indication of 
worsening of thermal stability due to blending. It is considered as corroborating evidence for the 
absence of any fruitful interaction between blend components. In many instances, such an outcome 
is considered as corroborating evidence for a phase-separated and immiscible blend. (c) The 
thermal stability of the blend is intermediate between those of the components. 
This observation could imply an improvement, worsening, or no change in the thermal stability as a 
result of blending. Such observations have been interpreted as an improvement in the thermal 
stability of one component or worsening of thermal stability of another component. In our case, the 
thermal stability of the blend is intermediate between those PHB and PS components. 
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a)      b) 
Figure 6.4. a) TGA graph of PS-PHB blends and b) DTG graph of PS-PHB blends. 
 
Table 6.1: TGA data of PS-PHB blends 
a
 
Code 
TonsetPHB 
(
 o
C) 
TonsetPS 
(
 o
C) 
Tp1 
(
o
C) 
Tp2 
(
o
C) 
R490 
(%) 
PHB 256 - 282 - 0.4 
PS - 386 - 415 0.1 
PS-PHB 260 386 283 415 0.38 
45P-45S-10C 268 392 285 416 0.65 
40P-40S-20C 270 392 287 418 0.72 
33P-33S-33C 269 392 285 418 0.62 
a) Tonset is the onset decomposition temperature; Tp is the first derivatives peak; and R490 is the 
residual weight at 490
o
C. 
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6.4.3. Differential Scanning Calorimetry 
In DSC second heating scan, all samples exhibited their characteristic glass transition, cold 
crystallization, and melting temperatures (Figure 6.5). The parameters of crystalline phase can give 
information about compatibility between the blend components
45
. PHB exhibited one glass 
transition temperature Tg at 3.8
 o
C. Previous studies also indicated the Tg‘s of PHB to be between 1 
and 7
 o
C, depending on other factors such as melt processing, molecular weight, thermal history, 
etc.
46,47
. DSC thermogram of the compatibilizer alone showed one Tg around 2 °C for PHB 
segments, Tg at 136 °C for PS and a third Tg at 59 °C due to the copolymer. Comparing the 
thermograms and calorimetric parameters (Table 6.2), the Tg of the PHB appears to be influenced 
by the concentration of the compatibilizer present in the blend. With addition of a compatibilizer a 
decrease in the Tg‘s of all the blends was observed. The decreased Tg‘s in blends were comparable to 
the neat PHB material. These results indicated that the PS chains in the compatibilizer apparently 
penetrated into the amorphous region of PHB. The decrease of the Tg’s due to the isotactic-PHB-
rich amorphous (i-PHB) region with increase of the i-PHB content has also been observed by other 
investigators indicating penetration of PEG chains into the amorphous region of i-PHB polymer 
(Shuai et al
48
). In the blend with 33% compatibilizer existance of a two seperate Tg‘s and a single Tm 
was observed, further confirming the compatibility between the PHB and PS in the presence of a 
compatibilizer. These conclusions are in agreemrnt with the morphological studies presented 
earlier. 
Neat PHB displayed a cold crystallization exotherm at ca. 47 °C. The DSC curve for neat PHB 
when compared to blends with compatibilizer, it was apparent that the addition of a compatibilizer 
enhanced the cold crystallization process (i.e., the crystallinity that develops during the DSC 
heating scan), particularly, in blends containing 20% compatibilizer. This indicated the presence of 
a large fraction of the crystal phase that melted away and recrystallized in a second thermal scan
49
. 
The presence of compatibilizer in the blends caused reduction in the Tm in all formulations. This 
decrease in the Tm is apparently due to the interaction between the compatibilizer and the 
crystalline bacterial polyester
49
. The decrease in the Tm is accompanied by a substantial decrease in 
the crystallinity (Table 6.2). The enthalpy of 146 J.g
-1 
for the 100% crystalline PHB reported 
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earlier was used to assess the degree of crystallinity (Xc) in blends
50
. The Xc values for all blends 
with compatibilizer increased compared to that of neat PHB. This indicated that compatibilizer 
addition strongly affected the crystallizing ability of the bacterial polyester in the blends (Table 
6.2). 
 
 
Figure 6.5. DSC graph of the second heating of PS-PHB blends 
 
Table 6.2: DSC parameters (2
nd
 heating) of PS-PHB blends.
a)
 
Code 
Tg1 
(
o
C) 
Tg2 
(
o
C) 
Tg3 
(
o
C) 
Tc 
(
o
C) 
Tm, PHB 
(
o
C) 
Xc  
(%) 
PHB 3.8 —— —— 47 179 61 
PS-PHB 2 59 136 —— 141 —— 
45P-45S-10C 1.9 20 95 50 174 73 
40P-40S-20C 1 23 130 51 174 68 
33P-33S-33C -0.2 —— 130 48 173 67 
a) Tg, Tm and Tc are the glass transition, melting and cold crystallization temperatures, 
respectively, and Xc is the degree of crystallinity. 
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6.4.4. Contact Angle Measurements 
In order to evaluate the effect of the surface structure and surface hydrophilicity, Contact angle 
measurements were performed on films that were spin coated on glass slides from chloroform 
solution and measured against water. The contact angle of PHB was 76
°
 and for the PS is 99
°
 
(Table 6.3). The static water contact angle of the compatibilizer was 85
°
, which was in between the 
values obtained for the PHB and the PS. This indicated that more PS block migrated on film 
surface in the presence of water due to its water soluble property. 
 
Table 6.3: Contact angle data of the PS-PHB blends
a)
 
Sample Contact angle (
o
) 
PHB 76±1.1 
PS 99±1.11 
PS-PHB Copolymer in CHCl3 85±0.81 
PHB45-PS45-Copolymer10 82±1.03 
PHB40-PS40-Copolymer20 83±1.6 
PHB33-PS33-Copolymer33 85±1.3 
a) Errors were calculated at 95% of confidence of Students t-test 
 
Also, apparent from Table 6.3 are the contact angles for blends with compatibilizer showing a 
marked increase in contact angles with increased amount of compatibilizer. This is seen in a blend 
with 33% compatibilizer, the contact angle for PHB increased gradually from 76 ± 1.1 to 85 ± 1.3 
(Table 6.3). This behaviour is attributed to the presence of higher PS content in the films. Also, 
blending of PS decreased the surface hydrophilicity of PHB. 
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6.5. Conclusion 
A synthesized PS-PHB based compatibilizer was found to be useful for compatibilizing the PS and 
PHB polymeric blends. At 33% concentration, compatibilizer was found to be more effective in 
promoting a better dispersion and interfacial adhesion between both PS and PHB. Blends were 
thermally stable compared to neat polymers and also protected PHB from thermal degradation. The 
Tg‘s values decreased with increased compatibilizer content, indicating PS chain penetration into 
the amorphous region of PHB.  Addition of compatibilizer affected the crystallizing ability of the 
bacterial polyester in the blends. Surface hydrophilicity of PHB decreased in the presence of a 
compatibilizer. 
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7. PLASTICIZED PLA-PHB BLENDS  
 
7.1. Abstract 
Blends of poly(lactic acid) (PLA) and poly(3-hydroxybutyrate) (PHB) with a plasticizer (Lapol) 
were investigated by TGA, DSC, XRD, SEM and mechanical testing. PLA/PHB blends showed a 
good distribution and absence of phase separation. XRD showed that the original crystal structure 
of PHB in the PLA75/PHB25 blend had been disturbed. DSC curves of PLA or PHB with 
plasticizer exhibited one Tg value, indicating both blend systems are miscible. The Tg values also 
decreased with increased amount of plasticizer, The melting temperature of PLA and PHB blends 
did not change with an increase in plasticizer content. The thermal stability of PLA and PHB was 
not affected by the addition of plasticizer. Also, the elongation at break of the PLA/PHB (75/25) 
blend was greatly improved with the addition of plasticizer. 
 
7.2. Introduction 
In recent years, sustainability, environmental concerns, and green chemistry have played a big role 
in guide the development of the next generation of materials, products, and processes. The 
persistence of plastic waste in the environment, dwindling petroleum resources, shortage of landfill 
spaces and, the concerns over emissions of toxic gases during incineration have fuled efforts to 
develop biodegradable polymer from renewable resources. Particularly, renewable agricultural and 
biomass feedstock have shown much promise for use in eco-efficient packaging to replace 
petroleum feedstock
1
. 
Poly(lactic acid) (PLA) is a biodegradable and biocompatible crystalline polymer that can be 
produced from renewable sources which is of great interest to the packaging industry due to its 
availability and low cost
2-5
. The properties of PLA are dependent on the ratio between the two 
enantiomers D and L. PLA can show crystalline polymorphism, which can lead to different melting 
peaks
6,7
. Poly(3-hydroxybutyrate) (PHB) is a typical biodegradable thermoplastic polymer 
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produced by microorganisms. PHB is a highly crystalline polyester (80%) with a high melting point 
(173-180°C) and a glass transition temperature (Tg) of approximately 1-5 °C
8-10
. 
Both PLA and PHB are biodegradable polyesters that are used in consumer products by several 
industrial sectors owing to their biocompatibility, biodegradability and sustainability. They have 
comparable and sometimes superior thermal and mechanical properties to those of conventional 
polymers that has generated much interest in exploring their physical properties and relevant 
applications
6,11,12
. 
It is noteworthy that both PLA and PHB have poor processing properties and are brittle at room 
temperature
13
. Thus, several modifications have been proposed to improve their processing and 
mechanical properties, which include copolymerization with other 3-hydroxyalkanoates and 
blending with other polymers. Blending is much easier and faster than copolymerization methods
14-
27
. Previous studies on PHB/PLA blends showed that the miscibility of these two polymers 
depended on the molecular weight of the second component
13,17,19,28
. PHB is miscible with low 
molecular weight PLA (Mw < 18,000) in the melt over the whole composition range, whereas the 
PHB blends with high molecular weight PLLA (Mw > 18,000) show biphasic separation
17,19
. 
Similarly, the PLA component is miscible with low molecular weight PHB (Mw = 9400) in the melt 
with the PHB content up to 50 wt-%, and is immiscible with high molecular weight PHB and 
commercial-grade bacterial PHB
13,28
. PLA-PHB blends also depend on composition, chemical or 
physical cross-links and processing conditions. However, to the best of our knowledge, few studies 
have reported on the miscibility of PLA blended with semi-crystalline low molecular weight PHB. 
Zhang et al
27
 investigated the morphology, structure, crystallization behavior, thermal properties, 
mechanical properties, and biodegradation of PLA/PHB blends, which were prepared by using melt 
compounding. The PLA/PHB 75/25 blend showed improved mechanical properties and thermal 
distortion temperature and presence of some interactions. Another way to improve the 
compatibility is by using a compatibilizer as a third component. Such compatibilizers include 
glycidyl methacrylate (GMA)
29
, poly(ethylene glycol)
26
 and poly(vinyl acetate)
25
. 
PLA can be plasticized using oligomeric lactic acid (OLA), citrate ester or low molecular weight 
polyethylene-glycol (PEG)
7,30,31
. Plasticization increases the chain mobility and favors PLA 
crystallization. After plasticization, the crystallinity is in the range between 20 and 30%. The 
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drawback of using these low molecular weight additives is that they leach out of the PLA matrix, 
resulting in a brittle plastic over time. PHB can be plasticized with dioctyl phthalate, 1,4-
cyclohexanedimethanol dibenzoate, tert-butylphenyl phosphate, polyethylene glycols, triacetyl 
glycerol, tributyrin, dodecanol, lauric acid, trilaurin and low molecular weight poly(adipate)
32-34
. 
Grillo Fernandes et al
35
 blended PHB with polyols containing different amounts and types of 
hydroxyl groups. They found that glycerol and poly(ethylene glycol) (PEG200) decreased the 
thermal stability of PHB. In contrast, tri(ethylene glycol) bis(2-ethylhexanoate) (TEGB) and 
pentaerythritol had no effect on thermal stability of PHB. The mechanical testing showed all 
samples were brittle, especially with PHB containing 20 wt-% of PEG. DSC showed that PEG200 
and TEGB are the most compatible with PHB. 
At USDA laboratory, a new polyester plasticizer has been developed from monomers comprising a 
multifunctional alcohol, a saturated or unsaturated aliphatic anhydride and a saturated aromatic 
anhydride and lactic acid. This plasticizer is in commercial development and goes by the 
commercial name of Lapol 108
36
. This plasticizer is of high molecular weight (>80,000 Daltons), 
highly branched and comprised more than 50% renewable resources. 
In this paper, we studied the effects of Lapol 108 on PHB, PLA and PLA-PHB blends to create a 
new type of eco-friendly composite material suitable for single-use applications, such as fast-food 
packaging. 
 
7.3. Experimental 
7.3.1.  Materials 
The PLA (4032D, NatureWorks
®
 Co. LLC, USA) was characterized by an average molecular 
weight of 52,000 g.mol
-1
, a polydispersity (Mw/Mn) of 1.9 and had high optical purity with 98% L-
lactide content. The poly(3-hydroxybutyrate) (PHB) was Biocyle
®
 (average molecular weight (Mw) 
of 425 kDa and polydispersity [(Mw/Mn) of 2.51] supplied in kind by PHB Industrial, SA, Serrana, 
SP, Brazil. Lapol 108 (Mw of 80 kDa and polydispersity of 26.6) was purchased from Lapol, LLC, 
Santa Barbara, CA, USA. It was prepared according to the procedure described previously
36
. 
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7.3.2. Preparation of the Blends 
The materials were pre-treated by drying at 85°C over drierite for 24 hr to eliminate possible 
absorbed water on the surface of the particles. Blends were melt processed at 175 
o
C for 5 min at 
45 rpm using a Haake Rheomix 600 with roller type blades. About 5 g of the obtained blend was 
compression moulded on a laboratory Carver press to obtain films of ~ 300-500 ɲm. Molding 
conditions were set at 180
o
C for 3 min at 200 Bar. 
 
7.3.3. Characterization 
7.3.3.1. Scanning Electron Microscopy 
Blend materials were fractured in liquid nitrogen to observe the interior of the unstressed 
composite. A sample was dropped directly into liquid nitrogen and fractured with a pre-chilled 
razor blade held in a vice-grip. The fractured pieces were picked out of the liquid nitrogen using 
pre-chilled forceps and placed in a desiccator to thaw and reduce the condensation of water on the 
surface of the material. All specimens were coated with gold–palladium for 45s in a Denton Desk II 
sputter coating unit (Denton Vacuum USA, Moorestown, NJ). Specimens were viewed in a Hitachi 
S4700 field emission scanning electron microscope (Hitachi HTA, Japan) at 2 kV. 
 
7.3.3.2. Tensile Properties 
Young‘s modulus, tensile strength, and elongation at break were determined according to ASTM 
method D638M under ambient conditions, using an Instron 5500R Universal Testing Machine 
(Instron Corp., Canton, MA). Prior to testing, samples were equilibrated at 50% relative humidity 
in a chamber containing saturated solutions of calcium nitrate. The testing conditions used were: 
cross head speed of 5 mm/min and load cell of 0.1 kN. Dumbbell samples (0.2-0.5 mm thick) were 
tested with a gauge length of 20 mm. The reported values were the average of at least 6 
measurements. Data points were the mean value of each measurement, with error bars in each 
graph representing 95% confidence intervals. 
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7.3.3.3. Thermal Properties 
Thermogravimetric analysis (TGA) was performed under nitrogen atmosphere in a TA Instruments 
TGA 2950. The samples were heated from room temperature to 510
o
C at a heating rate of 
10
o
C/min and a nitrogen gas flow rate of 60 mL/min. The derivative of TGA curves (DTG) was 
obtained using TA analysis software. Differential scanning calorimetry (DSC) was performed with 
a Perking Elmer Jade DSC 8000 instrument calibrated with indium (T, ΔH) and zinc (T). DSC 
samples of 10-15 g were weighed in a 40ɲl stainless steel pan and measured against an empty pan 
as reference. Measurements were carried out under 80 ml.min
-1
 nitrogen flow rate according to the 
following protocol: first and second heating from -20 to 200
o
C.min
-1
; first cooling (quenching after 
first heating) from 200 to -20
o
C at 100
o
C.min
-1 
and 2 min of isotherm at the end. In particular, the 
first heating scan was used to erase any prior thermal history of the sample and the second heating 
scan was used to evaluate melting temperature (Tm) and crystallinity (Xc). The degree of 
crystallinity Xc was calculated from DSC curves as follows: 
   
   
         
            Eq.1 
Where ø is the weight fraction of the filler in the composites and Hm is the melting enthalpy (J/g) 
that was calculated from the fusion peak in DSC curve and ΔHm
*
 is the heat fusion for completely 
crystallized PLA (93.1 J/g) and for completely crystallized PHB (146 J/g)
37,38
. 
 
7.3.3.4. X-ray Diffraction Analysis 
X-ray powder diffraction (XRD) analyses were performed with a Philips 1820 diffractometer 
operated at 45 kV, 40 mA using Cu-Kα radiation with a graphite diffracted beam monochromator. 
Data were acquired in a 2 scale from 2° to 40°. 
 
7.4. Result and Discussion 
7.4.1. Morphological Properties 
The morphologies of the fracture surfaces were investigated by SEM, as shown in Figure 7.1. Neat 
PLA presents a smooth and uniform surface of an amorphous polymer containing some holes (Fig. 
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7.1a), whereas neat PHB shows an irregular fracture surface due to its crystalline structure (Fig. 
7.1b). PLA and PHB with 7wt-% Lapol did not show phase separation (Figure 7.1c & 7.1d). 
Coarseness was observed on the fracture surface of PLA75/PHB25, and the fractures in the blend 
mainly developed along the same direction, indicating the resistance to the development of 
fractures was quite low (Figure 7.1e). On the other hand, the surfaces of specimens with Lapol 
were rougher than those without Lapol, and fractures developed in different directions, as shown in 
Figure 1f&g. Shear-yield and plastic deformation formed on the fracture surfaces of blends with 
Lapol, especially for the blend with high plasticizer content (Fig. 7.1g). Plastic deformation and the 
different fracture directions required more energy and thus the materials with Lapol should have 
better toughness. 
 
  
(a) (b) 
  
(c) (d) 
PhD Thesis – Mohamed Ahmed Abdelwahab 
 228 
  
(e) (f) 
 
 
(g)  
Figure 7.1. SEM images of PLA (a), PHB (b), PLA-7%Lapol (c), PHB-7%Lapol (d), PLA75-
PHB25 (e), PLA75-PHB25-Lapol5 (f) and PLA75-PHB25-Lapol7 (g). 
 
7.4.2. XRD Analysis  
X-ray diffraction analysis was used to determine crystalline structure and degree of crystallinity in 
the blends. PHB is a highly ordered polymer and is known to crystallize in an orthorhombic cell
39, 
40
. The lattice parameters of PHB are: a = 0.572 nm and b = 1.312 nm with its chain conformation 
in the left-handed 21 helix. In the orthorhombic cell, the three axis are mutually perpendicular (= 
β= γ=90°) and of unequal length (a≠b≠c) 37. PLA can be crystallized from melts as orthorhombic 
unit cell with lattice parameters of a = 1.037 nm and b = 0.598 nm
2
. Neat PLA is usually formed 
from the -type  helix 103. PLA can form two types of crystals, depending on the crystallization 
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conditions. These are the  form with a 103 helical shape and the β form with a spiral shape 31 
2, 22, 
41-43
. PHB has reflection peaks at 13.5
°
 and 16.8
°
, corresponding to the (020) and (110) planes, and 
three weak peaks at 19.1
°
, 22.2
°
 and 25.5
°
, with the first two peaks typical of the -form 
orthorhombic structure 
2
. The PLA had only one broad diffraction peak at 2 of 15° corresponding 
to the (110/200) reflections (d = 0.536) and smaller peaks at 19.1° and 32° corresponding to (010) 
and (203), respectively. In general, the patterns of PLA and PHB with Lapol blends are very similar 
to that of neat PLA and neat PHB (Figure 7.2). 
 
 
Figure 7.2. XRD of PLA, PHB and PLA-PHB-Lapol blends 
 
It can be observed in Fig. 7.2 that diffraction at 2=13.5° and 16.9° for PHB-7%Lapol had 
increased in intensity. For the PLA75/PHB25 blend, the peak located at 16.9° is too weak to be 
observed in the pattern. Furthermore, the presence of amorphous PLA significantly reduces the 
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crystallinity of the PLA/PHB samples. This is due to the reduction in the PHB content and the PLA 
interfering with crystallization of PHB. For the PLA/PHB 75/25 blend, as shown in Fig. 7.2, the 
intensity ratio I(020)/I(110) is different from that of pure PHB. This indicates that the crystal 
structure of PHB in the PLA75/PHB25 blend has been altered from interactions between PLA and 
PHB. Since the crystallinity and the crystal growth rate of PHB are higher and faster than those of 
PLA, the reflection peaks of PHB are observed even with higher PLA content. 
PLA75/PHB25/7Lapol did not have a peak (110) at 16.9° and had a weak peak (020) at 13.5°. This 
implies that the addition of Lapol significantly improves the crystallinity and crystallization rate of 
the PLA75/PHB25 blend. 
 
7.4.3. Thermal and Crystallization Behaviour  
The thermal properties of the blends could be significantly affected by the crystallization 
characteristics of PHB and PLA. DSC traces recorded during the second heating cycle of the 
polymer samples used to study miscibility are presented in Figure 7.3. The measurements were 
performed immediately after the melt-quenching scans, so the samples had the same thermal 
history and could be compared directly. The curves revealed similar thermal events for all samples, 
as follows: the glass-rubber transition (characterized by Tg), cold crystallization process 
(characterized by Tcc and the cold crystallization enthalpy (Hcc)), and the melting process 
(characterized by Tm and the melting enthalpy (Hm)). The neat PLA sample showed a Tg of 63 °C, 
an exothermic crystallization peak at 113°C and an endothermic melting peak at 173°C. Similarly, 
the neat PHB sample showed a Tg of 5.2 °C, an exothermic crystallization peak at 48 °C and a 
melting temperature of 178.5°C. These values were similar to those reported in literature
35
. As 
summarized in Table 7.1, Lapol had only one Tg at -0.7 °C. In general, the DSC curves of PLA or 
PHB with plasticizer (Lapol) blends exhibit one Tg value, which indicates that both blend systems 
are miscible systems
44-47
. The dependence of Tg on the composition of the blends follows the Fox 
relationship
48
 (Eq. 2): 
 
       
 
  
    
 
  
    
       (Eq. 2) 
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Where W1 and W2 represent the mass fractions of the components and Tg,blend, Tg1 and Tg2 are the 
Tg‘s of the blend component 1 and component 2, respectively. Using Tg values of 62.9°C, 5.2°C and 
-0.7°C for neat PLA, PHB and Lapol, respectively, we calculated theoretical Tg, blend values of 59°C 
for PLA with 5wt-% Lapol, 57.5
°
C for PLA with 7wt-% Lapol, 4.9
°
C for PHB with 5wt-% Lapol 
and 4.78
°
C for PHB with 7wt-% Lapol. These values are in good agreement with the experimental 
values. 
 
 
Figure 7.3. DSC traces of the 2
nd
 heating scan of PLA, PHB, Lapol and PLA-PHB-Lapol blends 
 
On the other hand, the DSC curves of PHB75/PLA25 blends exhibit two Tg values, which indicates 
that these blends are immiscible systems. However, addition of Lapol to the PLA75-PHB25 sample 
resulted in disappearance of the Tg of Lapol and a decrease in Tg values of PHB and PLA. These 
behaviors suggest that Lapol has a significant effect on the PLA-PHB macromolecules. 
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The cold crystallization temperature (Tcc) of PLA decreased and that of PHB increased with an 
increase in plasticizer content. This corresponded to a decrease of Hcc in PLA blends and an 
increase of Hcc in PHB blends. However, PLA75-PHB25 had higher cold crystallization 
temperature and its peak became broader with an increase in Lapol concentration. This is due to the 
small finely dispersed PHB crystals acting as nucleating agents in PLA. The presence of one 
crystallization temperature suggested that the PLA/PHB blend has a significant single 
homogeneous phase through the heating process. These results agree with previous studies by Hu et 
al
20
, Zhang et al
49
 and El-Hadi
25
. From Table 7.1, the shifts in the cold crystallization peaks (by 
approximately 11°C and 7 °C for 5wt-% and 7wt-% of Lapol, respectively) is related to the 
difference in flexibility of the chains and their ability to form a crystalline structure. 
Melting temperature (Tm) of the PLA and PHB blends mostly did not change with increasing 
amount of plasticizer. It is interesting to note that the PLA-PHB blend exhibits two melting peaks 
(Tm) at 169°C and 173°C, which are attributed to recrystallization or two different lamella 
thickening. These results are in agreement with the results of Gunaratne et al.
50
. However, the 
presence of double melting temperatures in the PLA-PHB-Lapol blends corresponds to the melting 
of ―as formed‖ and recrystallized PHB crystallites. Ikehara et al.51 stated that when miscible 
crystalline/crystalline blends are crystallized from a homogeneous melt, the crystallization behavior 
largely depends on the difference in the melting point, Tm, of the two components. When the Tm 
difference is large, the component with higher Tm crystallizes first, and its spherulites usually fill 
the whole volume. The lower Tm component crystallizes at a lower temperature in spatially limited 
regions inside the spherulites of the other component. When the difference in Tm is small enough, 
both components have a high possibility to crystallize simultaneously. The Tm difference in most of 
the miscible crystalline/crystalline blends reported so far was approximately 100 °C. In these cases, 
the two components crystallize at different temperatures. In this study, the Tm difference between 
PHB and PLA is about 5.8 °C, indicating that simultaneous crystallization has occurred. 
 
 
 
7. PlasticizeD PLA-PHB Blends 
 233 
Table 7.1: DSC parameters (2
nd
 heating) of PLA-PHB-Lapol blend films.
a)
 
Code 
Tg1 
(
o
C) 
Tg2 
(
o
C) 
Tcc 
(
o
C) 
Tm 
(
o
C) 
Hcc 
J/g 
Hm 
J/g 
Xc 
(%) 
PLA - 62.9 113.3 172.7 30 33 35 
Lapol -0.7 - - - - - - 
PLA-5%Lapol - 60.2 111.3 172.9 29 31 35 
PLA-7%Lapol - 57.8 110.1 172.1 29 31 37 
PHB 5.2 - 48.0 178.5 22 72 49 
PHB-5%Lapol 5.8 - 49.4 177.4 25 69 50 
PHB-7%Lapol 4.6 - 50.3 177.6 25 63 48 
PLA75-PHB25 1.7 62.3 116.3 172.9 16 13 36 
PLA75-PHB25-Lapol 5 2.7 58.53 124.1 171.9 24 26 40 
PLA75-PHB25-Lapol 7 0.6 58.33 119.6 172.8 24 24 38 
a) Tg and Tm are the glass crystallization and melting temperatures, respectively, ΛHm is the 
enthalpy of melting, ΛHcc is the cold crystallization enthalpy and Xc is the degree of crystallinity. 
 
The degree of crystallinity (Xc) of PLA and PHB based blend was basically uniform. A higher 
value of Xc was observed for PLA with 7wt-%Lapol and for PHB with 5wt-% Lapol. According to 
Azuma et al
52
 and Janigova et al
53
, an increase in crystallinity is due to higher chain mobility and a 
better packing of segments. The incorporation of Lapol in PLA75-PHB25 slightly increased Xc by 
4% for the 5 wt-% Lapol sample and by 2% for the 7wt-% Lapol sample, as shown in Table 7.1. 
This behavior could be dependent on the chain mobility of the polymer. Also, the interface 
interactions between PHB and PLA with Lapol could influence nucleation as supported by the 
XRD results presented in Figure 7.2. In addition, the decrease in ΔHm values of all blends might 
imply formation of a more stable structure, perhaps due to increased movement of the polymer 
segments that facilitate polymer chain mobility. 
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7.4.4. Thermogravimetric Analysis 
Thermal degradation of plasticized PLA and PHB samples is shown in Figure 7.4a and 7.4b. In 
general, the thermal weight-losses of PHB and PLA were quite sensitive to temperature, with 
narrow decomposition temperature ranges. The temperature corresponding to the onset of 
decomposition (Tonset) for a polymer is essential for evaluating its thermal stability and is 
summarized in Table 7.2. PLA is more thermally stable than PHB. Lapol decreased the Tonset of 
PLA by 11°C for the 5 wt-% Lapol sample and by 12°C for the 7 wt-% Lapol sample, In contrast, 
Lapol increased the Tonset of PHB by 4 °C for the 5 and 7 wt-% Lapol samples. PHB and PLA 
thermally degrade to produce polymeric chains terminated with carboxyl and vinyl groups
54
. 
Carboxyl end groups of polyester catalyze hydrolysis reaction. 
In the present study, it is feasible that a synergistic effect occurred to accelerate thermal 
degradation of PLA by moisture and polyol
55,56
. The Tonset of PLA-PHB 75/25 blend was between 
those of PLA and PHB. The addition of Lapol led to a slight shift in Tonset of PLA/PHB blend to a 
higher temperature, as shown in Table 7.2. This phenomenon was attributed to the higher thermal 
stability of Lapol. 
 
 
a)       b) 
Figure 7.4. a) TGA and b) DTG of PLA, PHB and PLA-PHB based blends 
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Table 7.2: TGA data of PLA/PHB/Lapol blend films.
a)
 
Code 
Tonset  
(
o
C) 
TpPHB 
(
o
C) 
TpPLA 
(
o
C) 
R500 
 (%) 
PLA 324 - 357 0.12 
Lapol 278 - 340 8.94 
PLA-5%Lapol 313 - 356 0.16 
PLA-7%Lapol 312 - 357 0.86 
PHB 260 279 - 0.25 
PHB-5%Lapol 264 281 - 0.54 
PHB-7%Lapol 264 282 - 0.53 
PLA75-PHB25 270 283 356 0.10 
PLA75-PHB25-Lapol 5 273 284 357 0.86 
PLA75-PHB25-Lapol 7 271 283 341 0.93 
a) Td is the onset temperature; Tp is the first derivative peak; and R500 is the residual weight at 
500
o
C. 
 
Another important thermal property is the temperature corresponding to the maximum rate of 
weight loss (Tp), which is defined as the peak value of the first derivative of the TGA curve. The 
first and second derivatives curves for neat PLA, neat PHB and PLA-PHB based blends are shown 
in Figure 7.4b and their Tp values are listed in Table 7.2. All neat polymers exhibited a single 
peak, indicating that the PLA and PHB degraded in only one step. In addition, the Tp of PLA and 
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PHB with Lapol shifted slightly to higher temperature. All samples had less than 1 wt-% residue at 
500 °C and this value increased with increasing plasticizer content. 
 
7.4.5. Mechanical Properties  
Young‘s modulus, strain at break and stress at break values of melt-mixed PLA, PHB and PLA-
PHB based blends are presented in Table 7.3. The mechanical behavior of the neat PLA showed 
characteristics of glassy polymers with low deformation at break. In contrast, the neat PHB has a 
low melt viscosity and is a brittle material with a higher modulus. 
 
Table 7.3: Tensile properties of PLA/PHB/Lapol blend films.
a)
 
Code 
Young’s modulus 
(MPa) 
Tensile strength 
(MPa) 
Elongation at break 
(%) 
PLA 1381±127 42±18 7.2±2 
PLA-5%Lapol 1454±181 14±2 14.4±0.7 
PLA-7%Lapol 1208±59 16±1 13.7±3 
PHB 1963±141 31±4 7.3±1 
PHB-5%Lapol 1746±111 29±2 7.2±1 
PHB-7%Lapol 1826±140 26±2 5.6±1.3 
PLA75-PHB25 1272±112 16±3 7.1±1 
PLA75-PHB25-5Lapol 1154±38 13±2 15.5±2 
PLA75-PHB25-7Lapol 1117±58 15±1 15.1±3 
a)
: Errors were calculated at 95 % of confidence of Student‘s t-test. 
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The blends of PLA and PHB with Lapol showed different behavior. PLA with 5 wt-% Lapol had a 
higher Young‘s modulus (YM) than that for neat PLA. However, PHB with 5wt-%Lapol had a 
lower YM than that of neat PHB. The YM of the PLA-PHB 75/25 sample was lower than that of 
neat PLA and addition of plasticizer resulted in even lower values. The tensile strength was 
significantly reduced by addition of Lapol, but the elongation at break increased in value. Tensile 
strength of PLA/PHB (75/25) was lower than those of PLA and PHB, with no change in the 
elongation at break (~7%.). The addition of Lapol markedly changed the stress-strain behavior of 
the PLA/PHB (75/25) blend. The PLA/PHB (75/25) blend with 5 wt-%Lapol had a higher 
elongation at break value than neat PLA and neat PHB. However, its tensile strength was lower 
than neat PLA and neat PHB. 
The PLA/PHB/Lapol samples showed some characteristics of flexible materials. These 
improvements might be due to the finely dispersed Lapol acting as fillers, which enhanced the 
properties of neat polymer. They can also be due to possible interactions between PHB and PLA, 
with Lapol causing strong interfacial bonding. 
 
7.5. Conclusion 
We have successfully prepared biodegradable PLA-PHB blends by melt mixing PLA, PHB and a 
new type of plasticizer. This compounding technique is easy and potentially commercially viable. 
SEM showed that PLA and PHB with plasticizer exhibited a homogeneous distribution of Lapol 
108 in the polymer matrix. Also, samples of ternary blends also showed homogenous distribution. 
XRD data showed that Lapol 108 was affecting the interlayer space of the blends. Moreover, Lapol 
108 essentially decreased the Tg for all of the binary and ternary blends. Also, crystallinity in the 
PLA75-PHB25 sample slightly increased with increased loading of Lapol 108. On the other hand, 
thermal decomposition properties of the blends were not affected by Lapol 108. The addition of 
Lapol caused the elongation at break to increase and the Young‘s modulus to somewhat decrease 
compared with neat PLA and neat PHB. 
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8. PHB/LIGNIN BLENDS COMPATIBILIZED WITH PVAC 
 
8.1. Abstract 
Growing environmental awareness has led to new trends in material development as well as 
increased efforts world-wide to produce eco-friendly plastic products. In particular, the overall 
carbon-footprint of a product (cradle to grave lifecycle analyses) is becoming a huge consideration 
in material design and development. The aim of this study is to blend low-cost lignin with poly(3-
hydroxybutyrate) (PHB) in the presence of a PVAc as a compatibilizer to develop a composite 
material that is compatible, economical, environmentally-friendly, and totally biodegradable. 
Prepared composites were characterized for their miscibility, crystallization, melting behavior and 
thermal and mechanical properties. Composites containing 40% compatibilizer and 10% lignin 
improved interfacial adhesion between the three components. Blending PHB with lignin 
completely altered the decomposition behaviour of PHB. Mechanical tests showed that the young's 
modulus was influenced by the matrix as well as the amount of compatibilizer in the blend. 
 
8.2. Introduction 
Dwindling petroleum resources, and the need to protect the environment have fueled the growth of 
biobased thermoplastics resins
1
. Renewable biopolymers and bio-derived polymers based feed 
stock have taken a center stage in opening up new market opportunities for development of value-
added products. Generally, biopolymers are renewable, biodegradable, and share many properties 
with conventional polyolefins. Thus, biopolymers have been proposed as suitable and economical 
substitutes for conventional thermoplastics
2,3
. 
Depending on their origin, biodegradable polymers can be either natural or synthetic. 
Biodegradable polymers can be agriculturally-derived (starch or cellulose, hemicelluloses, lignin), 
produced by microbes (polyhydroxyalkanoate) (PHAs), synthesized chemically using biobased 
monomers as building block (polylactic acid), or synthesized chemically from conventionally 
synthesized monomers
4
. Of particular interest is a class of microbially produced polymers known 
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as PHAs. Polyhydroxybutyrate (PHB) is a member of this class of polymers. PHB was first 
mentioned in 1901, but described in detail only in 1920s by Lemogine
5
 in a series of papers 
published during 1923–1927. PHB is biodegradable thermoplastic polyester produced via bacterial 
fermentation. PHB has very high potential for industrial applications due to its high crystallinity 
(50-70%), excellent gas barrier and physical properties, which are similar to those of 
polypropylene
6
. PHB degrades completely to water and carbon dioxide under aerobic conditions
7
. 
However, PHB has some disadvantages, such as its high cost, brittleness, fragility and low thermal 
stability above melting point with marked degradation starting at 200
o
C
8
. 
As a result of these limitations, research efforts have been focused on modifying PHB by (a) 
altering its bulk properties without changing its physical form, (b) changing its microstructure, (c) 
making it more resistant to thermal degradation, (d) changing its chemical properties, (e) modifying 
its solubility so that less toxic chemicals are used, (f) improving its processability, and (g) lowering 
production costs without sacrificing the properties. One approach to improve PHB‘s properties is 
through blending with other materials as a way to generate low-cost materials of desired 
properties
7-11
. 
Lignin is the second most abundant natural biopolymer in the world after cellulose and nature's 
most abundant aromatic (phenolic) polymer whose main function is to cement the cellulose fibers 
in plants
9
. Lignin constitute about 30 percent of the carbon found in the organic matter of plants 
which can be refined as biomass
10
. Lignin is complex polyfunctional polymer resulting from the 
oxidative coupling of, primarily, 4-hydroxyphenylpropanoids, which is composed of a large 
number of polar functional groups
11
. Lignin is an amorphous substance, photosensitive material, 
and its degradation under UV light is believed to be largely responsible for fading of Wood. Under 
UV light lignin is transformed from brownish material to a gray one. Lignin generally makes the 
product weaker, because it easily burns in the course of processing and releases CO2, making the 
product density lower
12,13
. The problem with Lignin is that they are not regular structures like 
cellulose or proteins. They have variability, in both composition and structure, and an irregularity 
that defies exact description
14
. 
Lignin naturally forms a highly efficient composite system that is synthesized entirely from carbon, 
oxygen, hydrogen, and energy from the sun. Lignin's role in this composite is to act as a matrix 
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material that binds the plant polysaccharide microfibrils and fibers, thereby imparting the strength 
and rigidity to the plant stem necessary for vertical growth
15
. Industrially, lignin is of great interest 
due to the existence of large scale manufacturing processes for retrieving the polysaccharide 
component of plants
16
. 
Over the past few decades, researchers many uses for lignin have been developed in an attempt to 
take advantage of its abundance as a feedstock resource and its positive attributes, which include; 
availability in huge amounts, high energy content owing to the aromatic nuclei, susceptibility to a 
wide range of substitution and addition reactions, good compatibility with several important basic 
chemicals, excellent colloidal and rheological properties (especially in the case of lignosulfonic 
acids), good adsorbent, ion exchange and adhesive properties and a direct source of various kinds 
of phenolic and aromatic compounds. 
However, despite many efforts, relatively few applications for lignin have been realized on an 
industrial scale. This is due largely to the inhomogeneity of lignin resulting from natural variability 
as well as variability of separation methods used by industry. Currently, the vast majority of lignin 
extracted by industrial processes is burnt as fuel to recover energy. Only approximately 1 to 2% of 
lignin produced commercially is used in other applications
9
. In this regard, variety of lignin 
composites have been studied, which include lignin-based thermoplastics that could be used as 
substitutes to petroleum-based thermoplastics. 
Most efforts have been made to blend lignin with polymers such as poly(ε-caprolactone)17-19, LDPE 
using (ethylene-co-vinyl acetate) as compatibilizer
20
, ethyl cellulose, cellulose acetate/butyrate
21
,  
maleic anhydride grafted ethylene-propylene copolymer
22
, poly(ethylene oxide)
23
, poly(vinyl 
alchol)
22
, poly(ethylene oxide)
22
, polypropylene
22
, poly(ethylene terphthalate)
24,25
, poly(4-
vinylpyridine)
26
 and poly(lactic acid)
27
. But, only limited research has been done on blending PHB 
with lignin, owing to their incompatibility
16,28-30
. 
Producing a compatibilized lignin and PHB blend offers a potential to generate hybrid material of 
low-cost and interesting property for use in packaging. This study describes our efforts to 
compatibilize lignin and PHB using a PVAc as a compatibilizer. Lignin was isolated from shells of 
pine nuts shells (PNS), characterized and used in composites. The resulting composites were 
examined and evaluated using Scanning Electron Microscopy (SEM), Thermogravimetric Analysis 
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(TGA), Differential scanning calorimetry (DSC) and mechanical tensile test (Universal Test 
machine). 
 
8.3. Experimental 
8.3.1. Materials 
Biocyle® PHB with weight average molecular weight (Mw) 425 kg mol-1 and polydispersity 
(Mw/Mn) = 2.51 was kindly supplied by PHB Industrial S.A., Brazil. Pine nut shells (PNS) were 
collected at the Regional Natural Park of San Rossore-Migliarino Massaciuccoli (SRMM), 
Tuscany-Italy. Poly(vinyl acetate) (PVAc) with Mw 140.000 were purchased from Aldrich 
Chemical Company, St. Lois, MO, USA and used as received. All other chemicals were obtained 
from Aldrich. 
 
8.3.2. Extraction of Lignin 
Pine nut shells (PNS) were cleaned manually to remove foreign matter, broken and immature nuts 
and milled (0.15 mm- 0.3 mm, Wiley Mill. A photograph of PNS is shown in Scheme 8.1. Lignin 
extraction was carried out as follows: 10 g of milled PNS sample was heated in water (10% w/v) at 
100
o
C with continuous stirring for 2h. Water was removed via filtration (0.45 µm filter paper), and 
water-insoluble fraction containing lignin was separated and dried. Lignin fraction was first heated 
with ethanol (10% w/v) at 80 
o
C for 4 h to solubilize any associated wax and fatty acids from the 
surface. Soluble fraction was removed via filtration and insoluble lignin fraction was recovered and 
dried. This fraction was subsequently treated with 5% (w/v) NaOH at 100
 o
C for 3 h to remove any 
soluble low molecular weight lignin and hemi-cellulose. The residue containing lignin was 
separated and dried in an oven (50
 o
C). 
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Scheme 8.1: Extraction of lignin from Pine nuts 
 
8.3.3. Preparattion of PHB-Lignin-PVAc Composites 
The composition for each formulation is provided in Table 8.1. The formulations were melt-
processed on a Can-Bus Brabender connected to a Plastograph [Rheometer:W-50 EHT with roller 
blade, 60 rpm] at 180 
o
C for 4 min. For each formulation, about 5 g of the processed material was 
compression molded in a press [Collin-Model P 200E equipped with a water cooling system, 
Ebersberg and Germany] to obtain films of around 300-500 ɲm. Molded films were prepared by 
heating sample up to 180
 o
C and maintaining it for 2 min at 100 Bar. Films were subsequently 
cooled to ambient temperature (30 °C) for 9 min at the same pressure. 
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Table 8.1: Compatibility of PNS-lignin with PHB blends using PVAc as compatibilizer.
a)
 
Sample 
PHB 
(P) (%) 
PVAc 
(V) (%) 
PNS-Lignin 
 (L) (%) 
PHB (P) 100 0 0 
P70+30V 70 30 0 
P60+40V 60 40 0 
P95+5L 95 0 5 
P65+5L+30V 65 30 5 
P55+5L+40V 55 40 5 
P90+10L 90 0 10 
P60+10L+30V 60 30 10 
P50+10L+40V 50 40 10 
a) : P: PHB, L: PNS-lignin and V: PVAc. 
 
8.3.4. Characterization 
The cross-section morphologies of films were recorded using a JEOL (JSM-5600LV) scanning 
electron microscope (SEM) at the required magnification and with accelerating voltage of 14kV. 
Thermal analyses were performed in the thermogravimetric analyzer Series Q500 of the TA 
Instruments with sample size between 5-15 mg. Two different ranges of temperatures were scanned 
at 10
o
C.min
-1
 under nitrogen atmosphere at 60 ml min
-1
 flow rate with temperatures ranging from 
30 
o
C to 700
 o
C. Differential scanning calorimetry (DSC) was performed on a Mettler TA 4000 
System consisting of DSC-30 module and TA 72 GraphWare software. About 10-15 g of sample 
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was weighed in a 40ɲl aluminum pan and an empty pan was used as reference. Measurements were 
carried out under 80 ml min
-1
 nitrogen flow rate according to the following protocol: first and 
second heating from -20 to 200 
o
C.min
-1
; first cooling (quenching after first heating) from 200 to -
20 
o
C at 100 
o
C.min
-1 
and 2 min of isotherm at the end. 
The tensile tests were performed according to two standard test methods using an Instron 
(Universal Testing Machine, model 5564, Canton, MA) having a load cell of 2 kN and pneumatic 
grips. Specimens were preconditioned inside the desiccator containing saturated solution of 
magnesium nitrite (ca. 53% RH) for 48h at 25
 o
C according to the ASTM protocol (ASTM E104-
02)
31
. At least 10 specimens for each formulation were tested and averaged.  A digital micrometer 
(Fowler Sylvac, Swiss) was used for measuring the film thickness. Specimens (width 4.64 mm) for 
tensile test were stamped-cut. The initial gauge length was ~22.2 mm. 
 
8.4. Result and Discussion 
8.4.1. Characterization of Lignin 
Lignin was analyzed for functional groups and thermal properties. Lignin showed thermal 
degradation onset (Tonset) at about 247 °C (Table 8.2). PNS-lignin degraded at a very broad range 
of temperatures, between 150 and 600 °C. Its decomposition occurs via several competing 
reactions during which various bonds are cleaved at wide range of temperatures releasing gases like 
CO, CO2, H2O and CH4
32
. The FTIR spectrum (Figure 8.1) showed a strong broad peak at 3442 
cm
-1
 indicative of the presence of OH groups. Peaks due to a C-H stretching vibration were 
observed at 2960–2840 cm-1. Characteristic peaks in the spectra at 1632 cm-1, 1600 cm-1, 1509 cm-1 
were due to the aromatic C=C stretching, and peaks at 1040 cm
-1
 and 1264 cm
-1
 were apparent due 
to C-O-C stretching from ether groups. Weak peaks observed at 1220 cm
-1
 and 1370 cm
-1
 (not very 
clearly distinguished due to the overlapping of spectra) indicated phenolic C-O and phenolic OH in 
lignin, respectively. 
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Figure 8.1. FTIR spectra of PNS and lignin purified 
 
8.4.2. Surface Morphology of the Composites 
PHB blends with 30 and 40 wt-% PVAc content showed very well dispersed PVAc in the PHB 
matrix (Fig. 8.2a, 8.2b), indicating a good compatibility between these two materials. On the other 
hand, phase separation was clearly evident in PHB blends with 5 and 10% lignin content present as 
filler (Fig. 8.2c, 8.2f). More pulled-out lignin and inconsistent surface morphology indicated a poor 
interfacial adhesion between these two components. Results were quite similar in PVAc blends (30 
and 40%) with 5% lignin content (Figure 8.2d, 8.2e). But when lignin content were raised to 10%, 
homogeneity between polymer and lignin filler was hard to determine (Fig. 8.2g, 8.2h), possibly, 
due to higher lignin content. However, pulled out lignin with adhered resin matrix did show a 
compatibilized phase, indicating a stronger interface, particularly, in blends with 40% PVAc (Fig. 
8.2h). The interfacial adhesion between filler and matrix was still difficult to determine due to the 
size of the filler, but seems to be much better than blends with only 5% lignin. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
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(g) (h) 
Figure 8.2. SEM micrograph of composites: a) PHB-30%PVAc, b) PHB-40%PVAc, c) PHB-
5%lignin, d) PHB/5%lignin/30%PVAc, e) PHB/5%lignin/40%PVAc, f) PHB-10%lignin, g) 
PHB/10%lignin/30%PVAc and h) PHB/10%lignin/40%PVAc. 
 
8.4.3. Thermogravimetric Analysis 
Thermal degradation onset, weight loss (%), major decomposition temperature and charred residue 
left after heating at 700C were examined for lignin, neat polymers and blends and data are 
presented in Table 8.2. Lignin had a high residue (R690) at 690°C due to the presence of high ratio 
of highly condensed aromatic structures. Blends showed increased residue with increased lignin 
content (Table 8.2). In the presence of PVAc compatibilizer in blends, only a slightly increased the 
amount of residue was observed. While PHB had a single degradation step, lignin degradation is 
quite complex, constituting of several processes
29
. For PHB-lignin blends, degradation occurred in 
several stages (Figure 8.2), suggesting that blending PHB with lignin completely altered the 
decomposition behaviour of PHB. Tonset values of pristine PHB, lignin and PVAc were 261 
o
C, 247 
o
C and 311 
o
C, respectively. The onset of lignin displayed a substantial thermal stability up to 170 
°C, critically important for material processing. The observed weight-loss in lignin around 100 °C 
is attributed to the loss of moisture from the materials as well as the material degradation at the 
onset temperature causing scission of weak ether bonds present in lignin (Figure 8.3)
33
. A second 
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major decomposition peaks in blends was observed between 350-360 °C attributed to lignin 
decomposition mediated by several competing reactions and many gaseous components released. 
 
 
a)       b) 
Figure 8-3. TGA (a) and DTG (b) of PHB-lignin-PVAc composites 
 
Degradation onset and maximum decomposition temperature of blends decreased with increased 
lignin content. PHB exhibited one-stage degradation with maximum degradation occurring at 
temperature (Tp) of 286 °C. Whereas, PVAc displayed a two- stage degradation process with 
maximum degradation temperatures of 335 °C and 444 °C. 
The first stage is mainly attributed to the degradation of the pendant acetyl ester groups of PVAc 
(elimination of acetic acid), whereas, the decomposition at second stage was mostly due to the 
degradation of PVAc main chain (formation of polyene)
34
. As for the PHB/PVAc blends, three 
stages of degradation were observed. The first stage was because of the degradation of PHB 
component, and its maximum-rate degradation temperature increased compared to neat PH, 
indicating that the addition of PVAc increased the thermal stability of PHB. The second and third-
stage degradations were caused mostly by the PVAc polymer. The maximum-rate degradation 
temperature of the second stage was slightly affected by the degradation of PHB component; 
however, there was hardly any change in the maximum-rate degradation temperature of the third-
stage. This implies that the gaseous products from PHB component, degraded at the first stage, had 
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no effects on the residual sample. The addition of lignin slightly decreased the thermal stability of 
PHB/PVAc, and three stages of degradation were apparent (Table 8.2). The first stage was because 
of the degradation of PHB and portion of lignin. The second and third stages were caused by the 
degradation of PVAc and lignin. 
 
Table 8.2: TGA data of PHB/lignin/PVAc blends after melt and compression moulding.
a
 
Sample 
Tonset  
(
o
C) 
Tp1 
(
o
C) 
Tp2  
 (
o
C) 
Tp3  
(
o
C) 
R700 
(%) 
PHB (P) 263 286 - - 1.08 
PNS-lignin (L) 247 356 446 - 18.5 
PVAc (V) 311 335 444 - 4.1 
P70+30V 269 288 337 444 1.0 
P60+40V 267 287 336 444 1.3 
P95+5L 256 269 - - 2 
P65+5L+30V 254 267 338 447 2.7 
P55+5L+40V 253 268 338 448 2.8 
P90+10L 251 263 - - 2.3 
P60+10L+30V 249 262 337 446 4.3 
P50+10L+40V 246 260 338 447 4.1 
a) Tonset is the onset decomposition temperature; Tp is the first derivative peak; and R700 is the 
residual weight at 690
o
C. 
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8.4.4. Differential Scanning Calorimetry 
The crystallization and melting behavior of blends was examined by DSC according to the 
published protocol
35
.  Samples were heated above their melting points and then quenched well 
below their glass transition temperatures. Thus, all blends were in an amorphous state. Samples 
were then heated to obtain their thermograms from which several characteristic temperatures such 
as glass transition temperature (Tg), crystallization temperature (Tc,) and melting temperature (Tm) 
were determined. The PHB had Tg, Tc, and Tm of 1, 52, and 176 °C, respectively. PHB is miscible 
with PVAc as shown in Figure 8.4, where all blends exhibited a single Tg in between the Tg‘s of the 
two homopolymers. The PVAc homopolymer had Tg of 44 °C higher than that of PHB (1 °C). 
Therefore, the presence of PVAc component is expected to cause reduction in the chain mobility of 
PHB. As a consequence, the crystallization temperature of PHB increased with increasing amount 
of PVAc component as shown in Figure 8.4. A melting-point depression in blends was observed 
because of their miscibility (Table 8.3). It is well known that when a crystalline component is 
blended with a miscible amorphous component, the melting point of the crystalline material would 
decrease with increasing of the amorphous component in blends
36,37
. While PHB and PVAc are 
miscible, PHB and lignin are not. Therefore, PVAc was used to enhance their miscibility. 
 
 
Figure 8.4. DSC (second heating) of PHB-PNS-lignin-PVAc composites 
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Interestingly, upon blending these three components, blends exhibited a single Tg which was in 
between the Tgs of PHB and PVAc, and value of which increased with increasing amount of PVAc. 
This was due to the restricted chain mobility of PVAc by the adjacent rigid lignin molecules, also 
indicating a good interaction between the polymer matrix and lignin. Lignin acted as a nucleating 
agent in PHB composites and facilitated crystallization process
28
. In the current study, the degree of 
PHB crystallinity increased with incorporation of the filler material, and also increased with 
increasing amount of PVAc in blend. On the other hand, the crystallization temperature of PHB 
component increased with an increased PVAc content, as observed in PHB/PVAc blends, but it 
decreased with increased lignin content (Figure 8.4). For PHB in blends, a melting-point 
depression behavior was also observed, further supporting the presence of some interactions 
between the polymer matrix and the filler (Table 8.3). 
 
Table 8.3: DSC parameters (2
nd
 heating) of PHB-Lignin blends compatibilized with PVAc 
Code 
Tg1PHB 
(
o
C) 
Tg2PVAc 
(
o
C) 
Tc 
(
o
C) 
Tm, PHB 
(
o
C) 
Xc 
(%) 
PHB 1 - 52 176 60 
PVAc - 44 - - - 
P70+30V 11 - 68 173 46 
P60+40V 11 - 64 172 39 
P95+5L 3 - 47 177 96 
P65+5L+30V 6 - 63 172 44 
P55+5L+40V 15 - 77 171 53 
P90+10L 2 - 45 173 57 
P60+10L+30V 8 - 69 169 37 
P50+10L+40V 12 - 79 166 42 
Tg and Tm are the glass transition and melting temperatures and Xc is the degree of crystallinity. 
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8.4.5. Tensile Properties 
In general, the mechanical properties of polymeric blend are directly related to the blend‘s surface 
morphology, as well as the interfacial adhesion between its components. PHB displayed a brittle 
behavior and any addition of PVAc along with 10%lignin generated samples that were very fragile 
that reduced into fragments during the sample preparation for tensile tests. Thus, the tensile 
properties of such samples were not measured. The Young‘s Modulus (YM) of the blends increased 
with increased lignin content which may be due to reinforcing effect of the lignin (Table 8.4). On 
the other hand, the YM of PHB-5%lignin decreased when the amount of PVAc increased in the 
blend, possibly due to polar-polar interactions between lignin and the polyester matrix. It was 
observed that the tensile strength in PHB-lignin composites without PVAc increased with addition 
of 5 and 10% lignin (Table 8.4). This indicated the reinforcing effect of lignin in the PHB polymer. 
Also, it could be attributed to the similarity in the solubility parameter of lignin and PHB, 
crosslinking ability, as well as the adhesive nature of lignin
30
. Ciemniecki et al 
38
 showed that the 
tensile strength of the hydroxypropyl-lignin and polyethylene blend with the addition of vinyl 
acetate increased due to the presence of polar carbonyl group. Therefore, the formation of hydrogen 
bonding could be possible between the polar carbonyl group of the polyester and hydroxyl group of 
lignin. However, adding 30% PVAc into PHB-5%-lignin composite a significant improvement in 
the tensile strength (from 32 MPa to 42 MPa) was observed (Table 8.4). With further increase in 
the PVAc content to 40%, tensile strength decreased to 28 MPa. This behavior is quite similar to 
the results of Young‘s modulus.  
PHB displayed a ductile behavior with elongation at break of 3.6%. Fillers cause a decrease in 
elongation at break and PHB-based composites displayed brittleness at high filler loading 
witnessing a elongation at break of 2.2% with only 5% filler content in PHB blend. This well-
known decrease in elongation at break with rigid fillers arises from the fact that the actual 
elongation experienced by the polymer matrix is much higher than the measured elongation of the 
specimen. In addition, the increase in the degree of crystallinity with lignin fillers also leads to a 
decrease in the elongation at break (Table 8.4). 
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Table 8.4: Tensile properties of PHB-lignin-PVAc composite film.
a)
 
Code YM 
(MPa) 
TSB 
(MPa) 
EB 
(%) 
PHB100% 3260±157 24±2.8 3.67±0.5 
P70+30V 2860±572 33±5.4 2.89±0.3 
P60+40V 3459±83 36±2.8 1.94±0.7 
P95+5L 4685±87 32±2.8 2.18±0.4 
P65+5L+30V 4053±154 42±7.6 2.85±0.4 
P55+5L+40V 3207±222 28±1.5 1.55±0.7 
P90+10L 4485±374 32±33.3 1.46±0.1 
a) Errors were calculated at 95 % of confidence of Student‘s t-test. 
 
8.5. Conclusion 
Attempts were made to blend PHB with lignin in order to reduce the current high cost of the PHB 
polymer resin. For increased compatibility between PHB and lignin (derived from agricultural 
waste), PVAc was used as a compatibilizer. Improved interfacial adhesion was observed with 10% 
lignin and 40% PVAC. The degradation onset and maximum decomposition temperature of the 
composites decreased with increased lignin content in the composites. The lignin acted as 
reinforcing filler in PHB matrix and also improved tensile strength and Young‘s modulus of the 
blend. The addition of PVAc also improved the mechanical strength of the blends. The degree of 
crystallinity of blends increased due to the addition of 5% lignin, but decreased when lignin content 
in the blend increased to 10%. 
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9. HDPE AND PP RHYOLITE COMPOSITES 
 
9.1. Abstract 
This study compares the effect of rhyolite clay as composite/filler material on two different 
polyolefins, polyethylene (PE) and polypropylene (PP). The advantage of using rhyolite is its great 
natural abundance, low cost, high thermal resistance and ease of surface modification. Composites 
were prepared by melt compounding PE or PP in a Haake mixer with differing filler contents. 
Aggregation and interphase morphology, as investigated by scanning electron microscopy (SEM), 
and wide-angle X-ray scattering (XRD), revealed that melt-mixed PP/rhyolite composites 
demonstrate better dispersion of rhyolite in PP than in PE. In fact, the addition of rhyolite to PP up 
to a ~22% resulted in a remarkable improvement in thermal stability and mechanical properties of 
the composite films than PE. XRD revealed that the addition of rhyolite influences the crystallinity 
and crystal size of the PE or PP while FTIR analysis implied that a dense silica network in the PE 
and PP films is formed, likely affecting morphology. The thermal conductivity of PE and PP 
decreased with the increase of rhyolite content.  With their enhanced gas barrier, mechanical, and 
thermal properties these films are applicable as interesting packaging films. 
 
9.2. Introduction 
Production and consumption of plastics have increased drastically recently in both long-term and 
single use applications because commercial polymers, especially polyolefins, provide such an array 
of useful physical and chemical properties. The world‘s plastics production was ~260 million tons 
in 2007
1
, with consumption projected to expand two- to three fold over the first two decades of the 
21st century, in part, as a result of rapidly expanding economies, including China, Indian and 
Brazil. Increased economic activity results in increased in plastics consumption
2
. At the same time, 
world energy consumption is projected to increase by 44% from 2006 to 2030
3
 which will put 
pressure on oil supplies. Uncertainty in petroleum supplies will affect markets for plastics 
considering that virtually all polymer production depends on petroleum, for production and often as 
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their main monomer feedstock. Strategies to recycle polymers, including with the application of 
fillers will allow increased plastics recycling, reducing some of the issues related to plastics‘ 
wastes. 
Technological advancements in all fields go hand-in-hand with improvements in material science, 
predominately polymer science. Markets require plastics with an ever-increasing array of 
properties; however, it has proven very difficult to invent and introduce new polymers to meet new 
market niches. Multiple examples exist of industries spending billions of dollars to introduce a new 
polymer; yet, after years or even decades of development they have minimal market penetration 
and limited revenue. 
One solution is to find ways to improve and expand the properties of existing polymers, including 
polyethylene (PE) and polypropylene (PP) polyolefins.  Polymer/ in-organic composites present the 
possibility of widening the range of properties without adding to cost.  In fact, many fillers will 
lower costs. 
In recent years, polymer composites with clay have attracted great interest since they frequently 
exhibit unexpected hybrid properties synergistically derived from the two components
4-6
. 
Application of these clay composites range from cook ware to space shuttle components, with use 
becoming more common in automobile interior panels, aircraft parts, and packaging films. Since 
many commercial polymers, especially polyolefins are generally hydrophobic, and clay fillers 
relatively hydrophilic, significant research has been targeted at improving dispersion to the point 
where clays are dispersed widely as individual sheets within the polymer matrix. This often 
requires modification of the clay surfaces. 
In this study, composites of polyolefins will be formed by adding rhyolite. Rhyolite is the 
volcanic equivalent of granite, making it an extrusive igneous rock. Having cooled much more 
rapidly than granite, it has a glassy appearance. Due to its great natural abundance, low cost, high 
thermal resistance and ease of surface modification, rhyolite can be considered as one of the best 
candidates for preparing polymer composites for various applications. 
Polypropylene (PP) and polyethylene (PE) with no fillers already exhibit an attractive combination 
of low cost, low weight and reasonably high melting temperature above 100
o
C. To improve the 
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mechanical performance of PP or PE for engineering plastics application, though, it is important to 
increase its dimensional stability during heating. The purpose of this study is to study the effect of 
rhyolite filler on the heat distortion temperature, stiffness, strength and impact resistance of PE and 
PP with the goal of not sacrificing its easy processabilty. 
 
9.3. Experimental 
Two commercial polyolefins, high density polyethylene and polypropylene were supplied by 
Muehlstein, US, with properties as follows:  polyethylene PE HI-4052 with density of 0.952 g/cm
3
, 
melt flow index of 40 g/10 min measured at 190°C and 2.16 kg according to ASTM D1238; and 
polypropylene, PP PHM-5A with density of 0.903 g/cm
3
, melt flow index of 5 g/10 min measured 
at 230°C and 2.16 kg according to ASTM D1238. A natural rhyolite fine powder (10m) was 
kindly supplied by Southern Nevada Liteweight (Las Vegas, USA). X-ray fluorescence 
measurements showed that rhyolite contained 70 wt.% SiO2, 12 wt.% Al2O3, 4 wt.% K2O, 3 wt.% 
Na2O, 2 wt.% MgO, 1 wt.% CaO with other elements comprising less than 1 wt.%. 
 
9.3.1. Preparation of PE or PP-Rhyolite Composites 
All materials were pretreated at 85°C for 24 hr to eliminate possible absorbed water on the surface 
of the particles. The PP or PE formulations containing 25, 30, 35, 40 and 50% rhyolite were melt 
processed for 7 min at 45 rpm using a Haake Rheomix 600. The temperatures were 180
o
C for PP 
and 160
 o
C for PE. 
About 5g of the blend was compression moulded in a Carver press using a standard mold to obtain 
films with thicknesses of 300-500 ɲm. Molding conditions involved heating the PP samples to 
180
o
C and the PE samples to 160
o
C. After this, the samples were maintained at each temperature 
for 2 min under a pressure of 200 bar. 
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9.3.2. Characterization 
9.3.2.1. Scanning Electron Microscopy 
Composite materials were fractured in liquid nitrogen to observe the interior of the unstressed 
composite. A composite sample was dropped directly into liquid nitrogen, fractured with a pre-
chilled razor blade held in a vice-grip and removed from the liquid nitrogen using pre-chilled 
forceps. Samples were thawed in a desiccator and then coated with gold–palladium for 45 s in a 
Denton Desk II sputter coating unit (Denton Vacuum USA, Moorestown, NJ). Specimens were 
viewed in a Hitachi S4700 field emission scanning electron microscope (Hitachi HTA, Japan) at 2 
kV. 
 
9.3.2.2. Tensile Properties 
Young‘s modulus, stress at break, and strain at break were determined according to ASTM method 
D638M under ambient conditions, using an Instron 5500R Universal Testing Machine (Instron 
Corp., Canton, MA). Prior to testing, samples were equilibrated at 50% relative humidity in a 
chamber containing saturated solutions of calcium nitrate. Testing conditions were as follows: cross 
head speed of 5 mm/min and load cell of 0.1 kN, using dumbbell samples (0.2-0.5 mm thick) with 
a gauge length of 20 mm. The reported values were the average of at least 10 measurements. Data 
points were the mean value of each measurement, with error bars in each graph representing 95% 
confidence intervals. 
 
9.3.2.3. Thermal Properties 
Thermogravimetric analysis (TGA) was performed under nitrogen atmosphere in a TA Instruments 
TGA 2950. Samples were heated from room temperature to 800
o
C at a heating rate of 10
o
C/min 
and a nitrogen gas flow rate of 60 mL/min. The derivative of TGA curves (DTG) was obtained 
using TA analysis software. 
Differential scanning calorimetry (DSC) was performed with a Perkin Elmer Jade DSC 8000 
instrument calibrated with indium (T, ΔH) and zinc (T). DSC samples of 10-15 g were weighed in 
a 40ɲl stainless steel pan and compared with a similar empty pan as reference. Measurements were 
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carried out under 80 ml.min
-1
 nitrogen flow rate according to the following protocol: first and 
second heating from -20 to 200
 o
C.min
-1
; first cooling (quenching after first heating) from 200 to -
20
 o
C at 100 
o
C.min
-1 
and 2 min of isotherm at the end. In particular, the first heating scan was used 
to erase any prior thermal history of the sample and the second heating scan was used to evaluate 
melting temperature (Tm) and crystallinity (Xc). 
The degree of crystallinity Xc was calculated from DSC curves as follows: 
Xc 
   
         
            Eq.(1) 
Where ø is the weight fraction of the filler in the composites and Hm is the melting enthalpy (J/g) 
that was calculated from the fusion peak in DSC curve and ΔHm
*
 is the heat fusion for completely 
crystallized PE (293.6 J/g) and PP (146.5 J/g). 
 
9.3.2.4.  X-ray Diffraction 
X-ray powder diffraction (XRD) analyses were performed with a Philips 1820 diffractometer 
operated at 45 kV, 40 mA using Cu-Kα radiation. Data were acquired in a 2 scale from 2° to 40°. 
Peak fitting was carried out using the Igor software package (Wavemetrics, Lake Oswego, 
Oregon). A gaussian function was utilized to fit peak shapes of diffraction profiles applied to the 
reflection peaks at (i) 21.3° and 23.7° for PE (corresponding to 110 and 200 crystal planes, 
respectively) and 14°, 16.8°, 18.5°, 21° and 21.8° for PP (corresponding to 110, 040, 130, 111 and 
131 crystal planes, respectively). The crystallinity index CI (XD) was determined by the following 
equation
10-12
 
        
        
      
              Eq.(2) 
where ATotal is the sum of the areas under all the diffraction peaks and ACrystal is the sum of the areas 
corresponding to crystalline peaks. The crystallite sizes were calculated from the integrated half 
widths using the Scherrer Equations: 
          
   
            
       Eq.(3) 
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where D(hkl) is the size of the crystallite (nm), k is the Scherrer constant (0.94), λ is the X-ray 
wavelength (0.154 nm), B(hkl)  is the full-width at half-maximum of the reflection and  is the Bragg 
angle. 
 
9.3.2.5.  Thermal Conductivity 
Measurement of thermal conductivity was implemented following ASTM C177 using a Sparrell 
Engineering Model GP-500 guarded hot plate connected to a cooling system (Neslab Instruments 
RTE-211). In this method a heated plate was positioned between two identical flat slab test samples 
(150x150 mm) which each had thermal probes placed on their outer surfaces. Measurements were 
completed after 24 hours. Thermal conductivity, K, was measured from the following heat flux 
equation: 
Q= 
       
  
        Eq.(4) 
where Q is the heat flow, A is the main heater area from both side (constant equal 0.174 ft
2
), ΔT is 
the difference in temperature and ΔX is the sample thickness. 
 
9.3.2.6.  Attenuated Total reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
ATR-FTIR spectra of the composite films were obtained using a Perkin Elmer FTIR Spectrometer 
(System 2000, Perkin Elmer, USA) equipped with a DTGS (deuterated triglycine sulfate) detector 
and the ASI DuraSampllR
TM
 Universial DiComp 
TM
 attachment (ASI SensIR Technologies). A 
calibrated pressure applicator was used to ensure reproducible contact between the sample and the 
diamond sensor. At an incident angle of 45° relative to the ZnSe crystal, the penetration depth 
varied from 0.5 to 3 m in the wave number range of 4000 to 650 cm-1. A background spectrum in 
air was obtained for each sample spectrum. All spectra were collected at 4 cm
-1
 resolution. 
 
9.4. Result and Discussion 
9.4.1. Morphology Properties 
The dispersion of rhyolite in PE and PP as investigated by SEM are depicted in Figure 9.1. The 
micrograph at low magnification (Fig. 9-1a) illustrated agglomeration of the powder. At higher 
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magnification (Fig. 9.1b), the micrograph revealed that the agglomerated powder was composed of 
irregular shaped particles. 
 
  
(a) (b) 
Figure 9.1. SEM images of low (a) and high magnification of rhyolite (b) 
 
The dispersion of the rhyolite in the PE matrix after melt processing is shown in Figure 9.2. SEM 
images of PE (Fig. 9.2a, 9.2b) show only some superficial impurities and imprints from trapped 
gas bubbles. SEM micrographs of the 25% filler composite in Fig. 9.2c, d confirm the presence of 
rhyolite aggregates. Also, there were very small voids observed at the surface of the particulates 
and these voids can be seen in Fig. 9.2c. This indicates the presence of big aggregates of rhyolite 
layers with average sizes of 5–10 µm. In general, melt mixing of rhyolite with PE matrix did not 
provide good dispersion of the rhyolite, and both big aggregates and single rhyolite layers can be 
detected in the samples. 
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(a) (b) 
  
(c) (d) 
Figure 9.2. SEM images of neat PE at (a) low and (b) high magnification. Low and high 
magnification images, respectively, were obtained for composites of PE-25% rhyolite (c, d). 
 
Neat PP has a relatively smooth surface and exhibits no signs of plastic deformation (Figure 9.3a, 
9.3b). A coarser appearance can be found on the fracture surface of the composites containing 25 
and 30% rhyolite, but the samples can still be characterized as brittle, with only small plastic 
deformation of the matrix in some regions (Figure 9.3c-f). 
The SEM images of PP/rhyolite composites show the presence of rhyolite agglomerates with sizes 
of 1–1.5 µm randomly distributed in PP matrix (Fig. 9.3e, 9.3f). The SEM images of the melt 
mixed PP-rhyolite composites (Fig. 9.3) demonstrate better dispersion of rhyolite in PP than in PE. 
In contrast, the composites with 35, 40 and 50 wt.% rhyolite show clear plastic deformation 
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(Figure 9.4a, 9.4b). The fracture surface is characterized by the formation of a number of 
concentric "matrix-fibrillated" circles around particle-like objects. 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 9.3. SEM images of neat PP at (a) low and (b) high magnification. Low and high 
magnification images, respectively, were obtained for composites of PP-25% rhyolite (c, d) and 
PP-30%rhyolite (e, f). 
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(a) (b) 
Figure 9.4. SEM images of PP-35% rhyolite at (a) low and (b) high magnification. 
 
9.4.2. Differential Scanning Calorimetry Analysis 
DSC was performed on the PE and PP samples to evaluate their thermal behavior and to estimate 
the percentage of crystallinity in the samples. Thermal properties, melting point (Tm) and heat of 
fusion (ΔHm) were also determined. Figure 9-5 shows the second heating scans of neat PE and PE-
rhyolite samples with various filler loadings and Table 9.1 summarizes the results obtained from 
all of the heating runs. The measurements were performed immediately after the melt-quenching 
scans, so the samples had the same thermal history. 
PE resulted in a crystalline melting peak (Tm) at 136 °C. In the presence of rhyolite, a slight 
decrease of Tm is observed. High rhyolite content (40%) induced a decrease of 4 °C in Tm to 132 °C 
for the composite. However, the Tm of PP (149 °C) is dramatically increased by increasing the 
loading of rhyolite as shown in Figure 9.6 and Table 9.1. The increase in Tm could indicate an 
improvement of polymer/filler interface properties and is correlated also with the increased size of 
crystals. 
Pure PE had a melting enthalpy (ΔHm) of 119J/g, whereas PE composites containing rhyolite had 
lower ΔHm values. This decrease in ΔHm values was probably due to the rhyolite forming strong 
interactions with PE, which restricted the movement of the polymer segments and disrupted the 
regularity of the PE chain structure. The same result was also obtained for PP and PP-rhyolite 
composites, with the ΔHm decrease with increasing rhyolite loading, as shown in Table 9.1. 
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According to Table 9.1, the Xc values for most of the composites were slightly increased compared 
to that of neat PE and PP. In a recent study of PP-rhyolite composites, both the crystallinity and 
crystallization temperature of polymer composites increased. This was attributed to the nucleation 
role of rhyolite
13
. In the present case, the increase in crystallinity could also be ascribed to the 
nucleating effect of rhyolite. The crystallinity of samples increased up to a certain rhyolite loading 
and then decreased in value (35 wt-% in the case of PE-rhyolite and 50 wt-% in the case of PP-
rhyolite) as shown in Table 9.1. This behavior was attributed to the creation of larger 
agglomerates, which reduced the number of available nucleation sites. 
 
 
Figure 9.5: DSC of the second heating of PE and PE-rhyolite composites. 
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Figure 9.6. DSC of the second heating of PP and PP-rhyolite composites. 
 
Table 9.1: DSC parameters (2
nd
 heating) of PE and PP rhyolite composites.
a)
 
Code 
PE PP 
Tm 
(
o
C) 
Hm 
J/g 
Xc 
(%) 
Tm 
(
o
C) 
Hm 
J/g 
Xc 
(%) 
0% 136 119 41 149 43 29 
25%clay 135 108 49 172 36 33 
30%clay 135 95 47 173 36 35 
35%Clay 133 81 42 172 33 35 
40%clay 132 76 43 172 31 35 
50%clay 135 61 42 168 18 25 
a)  Tm is the melting peak temperature, ΛHm is the enthalpy of melting and Xc is the degree of 
crystallinity. 
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9.4.3. Thermogravimetric Analysis 
Figure 9.7 shows the TGA curves of neat PP and the PP-rhyolite composites in terms of the 
percentage weight loss as a function of temperature. The neat polymer degraded with a residue of 
less than 0.35%, whereas the composites left some residues, which corresponded well with rhyolite 
loadings. As shown in Figure 9.7, the TGA curves displayed single-step degradation processes for 
all samples. 
 
 
a)      b) 
 Figure 9.7. TGA (a) and DTG (b) of the PP and PP-rhyolite composites 
 
Once mass loss began, the sample weight percentages decreased continuously until reaching a 
residual level. The temperature corresponding to the onset of decomposition (Tonset) is an essential 
parameter for evaluating thermal stability of these composites, as summarized in Table 9.2. 
Tonset for the PP-rhyolite gradually increased for rhyolite contents up to 30 wt-%, then decreased 
slowly with further increase in filler loading. PP-30%rhyolite exhibited the highest Tonset (431 °C), 
which was shifted approximately 111 °C towards higher temperature compared to Tonset for neat PP. 
However, a much larger amount of rhyolite (50 wt-%) showed a decrease in Tonset, but this was still 
79 °C higher than PP. This was probably due to silicate layers acting as insulating barriers. Thus, at 
higher rhyolite contents, rhyolite tended to agglomerate in PP matrix much more than it did at 
lower rhyolite content, since there were polarity differences between rhyolite surfaces and PP 
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matrix. But in general, the introduction of the rhyolite inorganic component into PE and PP 
improved their thermal stability
7
. 
 
Table 9.2: TGA data of PE and PP rhyolite composites.
a
 
Filler 
(wt.%) 
PE PP 
Tonset 
(
o
C) 
Tp 
(
o
C) 
R790 
(%) 
Tonset 
(
o
C) 
Tp 
(
o
C) 
R790 
(%) 
0 414 469 0.38 320 408 0.34 
25 443 476 23.6 421 463 25.6 
30 446 476 28.1 380 463 30.2 
35 443 476 33.2 420 458 34.5 
40 424 472 37.8 427 454 39 
50 429 470 47.4 399 450 48 
a) Tonset is the onset decomposition temperature of weight loss; Tp is the first derivative peak; and 
R790 is the residual weight at 790
o
C. 
 
For PE samples, the Tonset also increased with increasing amount of rhyolite (Figure 9.8). 
Additionally, the Tonset for PE-rhyolite increased gradually for rhyolite content up to 35 wt-%, then 
decreased slowly with further increase of filler loading. PE-30%rhyolite exhibited the highest Tonset 
(446 °C), which was shifted approximately 32 °C towards higher temperature compared to Tonset for 
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neat PE (414 °C). However, a much larger amount of rhyolite (50 wt-%) led to a slight decrease in 
Tonset (Table 9.2). 
For application of any advanced material, the temperature corresponding to the maximum rate of 
weight loss (Tp), obtained by taking the first derivative of the TGA and recording the temperature at 
its maximum is another useful parameter. The first derivative curves for neat PP and PP-rhyolite 
samples are shown in Figure 9.8 and their Tp values are listed in Table 9.2. It is apparent that all 
curves exhibited a single peak, indicating that the PP in the composites degraded in only one step. 
In addition, the dependence of Tp on rhyolite content is similar to that of Tonset. The highest value of 
Tp (463 °C) is observed for the composite with 25%rhyolite, and is substantially higher than Tp for 
neat PP (408 °C). Correspondingly, the Tp value of PP-50%rhyolite was much higher than PP by 
approximately 42 °C. In contrast, the Tp of PE-rhyolite composites did not show as much 
dependence on rhyolite loading. For example, the highest value of Tp (476 °C) was observed for 25, 
30 and 35 wt-% rhyolite samples, and was higher by 7 °C than for neat PE. 
 
 
a)      b) 
Figure 9.8. TGA (a) and DTG (b) of the PE and PE-rhyolite composites 
 
9.4.4. Tensile Properties 
Tensile properties of PE-rhyolite and PP-rhyolite composite materials are shown in Table 9.3. The 
addition of rhyolite increased Young‘s modulus of PE samples with the maximum increase for the 
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PE-40% composite, which had a Young‘s modulus of 3911 MPa compared to 1442 MPa for neat 
PE. Similar behavior was found in previous studies
14-17
 whereby an increase in crystallinity or 
increase in spherulite size led to increases in moduli values. It was suggested that larger spherulites 
contributed to significantly higher load-bearing capability
14-17
. In addition, an increase in modulus 
can be due to the higher modulus of rhyolite, but also implies good interaction between the silica 
surfaces and the polymer. Also, all PE-rhyolite composites had comparable stress at break values to 
neat PE. On the other hand, elongation at break tended to decrease with an increase in rhyolite 
content. 
Friedrich
18
 first emphasized the effect of morphology and provided evidence that semi-crystalline 
polymers consisting of small spherulites were generally tougher than those containing coarse 
spherulites because larger spherulites had weak boundaries. It was observed that an increase in 
crystallinity or spherulite size decreased the sample toughness. 
In our case, there was an increase in crystallinity, which according to the observations of 
Friedrich
18
 should have a negative effect on hardness. Thus, the observations made here suggested 
that the behavior of the composite was not a simple function of crystallinity and crystal structure 
(morphology), but was a complex function of other factors that included lamellar thickness and 
interfacial interactions. 
Rhyolite was dispersed relatively well in the PP matrix with mechanical properties of the 
composites also shown in Table 9.3. The addition of 25% rhyolite to PP resulted in a decrease of 
Young‘s modulus to 1165 MPa, which was the lowest Young's modulus when compared to all PP 
composites. By increasing the filler loading, the Young‘s modulus began to increase only slightly 
in value. However, the stress at break values of PP-rhyolite composites was somewhat lower than 
that of neat PP. Also, elongation at break tended to decrease with an increase in rhyolite content, 
which was similar to the PE-rhyolite samples. 
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Table 9.3: Tensile properties of the composite film.
a)
 
Filler 
(wt.%) 
PP PE 
YM 
 (MPa) 
SB 
 
(MPa) 
EB 
 
(%) 
YM 
 (MPa) 
SB 
 
(MPa) 
EB 
 
(%) 
0 1397±213
ab
 28±2.1
b
 310±14
e
 1501±600
a
 29±4
NS
 16±3.6
b
 
25 1165±135
a
 14±0.6
a
 83±15
c
 2253±294
b
 27±3 4±0.9
a
 
30 1191±102
ab
 15±0.7
a
 93±23
cd
 2973±363
c
 31±5 4.2±1.7
a
 
35 1356±153
ab
 12±2
a
 56±27
b
 3271±344
c
 30±3 3.1±0.4
a
 
40 1472±244
b
 12±2
a
 27±8
a
 3138±156
c
 29±2 2.7±0.3
a
 
a) Errors were calculated at 95 % of confidence of Student‘s t-test, YM: Young;s modulus, SB: 
stress at break and EB: strain at break. 
NS
: Not significantly different. 
a, b,c,e
: Different letters within a column indicate significant difference at p<0.001 
 
9.4.5. ATR-FTIR Spectroscopy 
Figure 9.9 shows the ATR-FTIR spectra of HDPE, rhyolite and HDPE with 25% rhyolite samples. 
Strong silicon-oxygen covalent bond vibrations appear mainly in the 1300-1000 cm
-1
 range; one 
possible interpretation is that it reveals the existence of a dense silica network, where oxygen atoms 
play the role of bridges between two silicon sites
19
. The symmetric stretching vibrations of Si-O-Si 
appear at 810 cm
-1
. The composites exhibited absorption bands around 2916, 2850 and 1480 cm
-1
, 
which corresponded to n-C-H and d-C-H vibrations of the matrix molecules (Fig. 9.9). In addition, 
there was no absorption above 3000 cm
-1
 for the characteristic peak of –OH groups. 
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Figure 9.9. ATR-FTIR of the PE and PE-rhyolite composites 
  
Figure 9.10 shows the ATR-FTIR spectra of PP and PP-25% rhyolite composite. The absorption at 
2850 cm
-1
 was the characteristic peak of –CH3 for PP (stretching vibration peak of C–H)
20
. Also, 
The intense silicon-oxygen covalent bond vibrations appeared mainly in the 1300-1000 cm
-1
 range, 
revealing the existence of a dense silica network, where oxygen atoms play the role of bridges 
between two silicon sites
19
. 
 
 
Figure 9.10. ATR-FTIR of the PP and PP-rhyolite composites 
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9.4.6. XRD Analysis 
Two main diffraction peaks appear in the PE matrix at 2 of 21.3° and 23.7°, corresponding, to 
reflections from the d110 and d200 planes, respectively, of this orthorhombic crystalline system 
(Figure 11)
21
. PE samples with rhyolite show the same 2peaks as neat PE, indicating that the 
crystalline structure of the matrix remains unchanged upon blending with rhyolite. The crystallite 
size of the D110 and D200 equivalently did not change for an increase in rhyolite loading (Table 9.4). 
This can be attributed to the absence of interactions between rhyolite and PE. Table 9.5 shows a 
decrease in PE crystallinity with an increase in rhyolite content. Some studies have shown similar 
behavior, with a decrease in crystallinity of PE and other polyolefins after adding silica
22
. The 
decrease of PE crystallinity could be explained by rhyolite hindering the motion of the polymer 
chain segments and limiting the crystallization process. 
 
 
Figure 9.11. XRD of the PE and PE-rhyolite composites 
 
PP, in contrast to PE which exhibits one morphology, is capable of crystallizing in three different 
polymorphoic forms,  (monoclinic), β (pseudohexagonal) and γ (triclinic) depending on its 
composition and the crystallization conditions. The different 2peaks at 14°, 16.8°, 18.5°, 21.0° 
and 21.8° correspond to  (110),  (040),  (130), and overlapping  (111) and  (041) reflections, 
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respectively, whereas the diffraction peak at 20.1° corresponded to γ (117) planes23. The PP and the 
samples with rhyolite show the same reflections, indicating that rhyolite particles did not affect the 
crystalline structure of PP (Figure 9.12). From Table 9.4, crystallite size indexes perpendicular to 
the crystal plane, such as (130) and (111), in the composites were smaller than that of neat PP. This 
clearly indicated that crystallite size of composites decreased with addition of rhyolite. 
 
Table 9.4: Crystallite size Dhkl of PE and PP with different rhyolite loadings 
Filler 
(wt.%) 
EP PP 
D110 
(nm) 
D200 
(nm) 
D 110 
(nm) 
D040 
(nm) 
D130 
(nm) 
D111 
(nm) 
D131 
(nm) 
0 4.7 3.5 1.8 3.5 3.9 2.4 2.5 
25 4.6 3.4 2.5 3.7 1.5 2.1 2.9 
30 4.4 3.7 2.3 3.4 2.6 0.2 1.6 
35 4.7 3.7 2.4 3.3 1.9 0.1 1.5 
40 3.9 3.4 3.2 3.9 2.1 - 1.3 
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Figure 9.12. XRD of the PP and PP-rhyolite composites 
 
Table 9.5: Crystallinity index (CI) of PE and PP with different rhyolite loadings 
Filler 
(wt.%) 
EP PP 
CI110 
(%) 
CI200 
(%) 
CI110 
(%) 
CI040 
(%) 
CI130 
(%) 
CI111 
(%) 
CI131 
(%) 
0 39.34 13.43 15.64 12.64 1.97 3.88 5.15 
25 42.08 13.86 5.86 13.04 4.53 4.68 7.51 
30 36.8 10.50 8.72 15.43 3.36 49.85 13.9 
35 36.25 11.75 6.23 15.21 4.48 59.48 14.51 
40 24.6 7.40 1.88 6.71 1.10 - 7.74 
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9.4.7. Thermal Conductivity 
The thermal conductivity of polymer-matrix composites is required to determine heat flow under 
various operating conditions. Also, thermal conductivity could be used to determine whether the 
materials could be used for rotational molding or applied in industries, such as food preparation, 
where heat distortion, stability and conductivity are important. Table 9.6 presents the thermal 
conductivity values of PE and PP. In the case of PE, the thermal conductivity decreased for an 
increase in filler loading, which indicated that the electrical properties of the composites depended 
on the matrix, since the rhyolite fillers were clearly too far apart to allow for electrical conduction. 
In Fig. 9.13, a nonlinear decrease of thermal conductivity was observed for PE for an increase in 
rhyolite content. Thus, the heating time of polymer powder should be decreased. The variation was 
from 0.136 W/mK for the pure PE to 0.026 W/mK for the PE/50%rhyolite sample. In the case of 
PP, the thermal conductivity also decreased for an increase in filler loading. Nonetheless, the PP-
35% rhyolite sample started to show a characteristic electrical conduction behavior higher than that 
of pure PP film. 
Similarly, the electrical efficiency of these conductive fillers depended on the presence of polymer 
chains between contacts, and particularly on local crystal formation. Electrical conduction 
considerably decreased in the crystalline regions compared to the amorphous ones, where ion 
conductivity is the dominating conduction mechanism
24,25
. These crystalline regions imparted 
electrical resistance between the rhyolite, limiting effective electrical conduction by percolation. 
Also, the particle size domains and dispersion of the rhyolite particles inside the polymer matrix 
affected the thermal conductivity. 
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Figure 9.13. Thermal conductivity of the PE and PP with rhyolite composites 
 
Table 9.6: Thermal conductivity data of PE and PP composites 
Filler 
(wt.%) 
EP EE 
Thermal 
Conductivity 
W/mK 
Thermal 
Conductivity  
W/mK 
0 0.136 0.086 
25 0.037 0.074 
30 0.027 0.067 
35 0.038 0.225 
40 0.019 0.234 
50 0.026 0.2542 
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9.5. Conclusion  
We have successfully prepared PE and PP/rhyolite composites by simple melt mixing of polyolefin 
and rhyolite. SEM showed that PP-rhyolite composites demonstrated better dispersion of rhyolite in 
PP than in PE. XRD data showed that there were small decreases in PE and PP crystallite sizes with 
increase in rhyolite loading. Moreover, the degree of crystallinity, Xc, values for most of the 
composites were slightly higher compared to that of neat PE and PP. Thermal decomposition 
properties of both PE and PP improved with addition of rhyolite. The PE composites had greater 
Young‘s modulus, comparable stress at break values and lower strain at break values at higher 
rhyolite loadings. In the case of PP, Young‘s modulus decreased for the 25 wt-% rhyolite sample, 
but began to increase at higher filler loadings. Moreover, the stress at break and strain at break 
values were lower for higher rhyolite content. FTIR spectroscopy showed the existence of a dense 
silica network in the PE and PP films. Remarkably, the thermal conductivity of PE and PP 
composites decreased with an increase in rhyolite content. Improvements of many properties as a 
result of rhyolite content provides evidence that these composites could be considered suitable for 
applications where heat distortion, thermal stability and thermal conductivity are important 
parameters, such as many thermal molding operations, and applications such as for microwaveable 
food containers or products that need to resist softening and distortion. 
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10. PLA RHYOLITE COMPOSITES 
 
10.1. Abstract 
Composites of poly(lactic acid) (PLA), a biodegradable polymer, were formed from rhyolite, 
introduced here as a new ingredient in sustainable composite due to its great natural abundance, 
low cost, high thermal resistance and ease of surface modification. Composites were prepared by 
melt compounding to investigate the effect of these spherical, inorganic aggregates on the thermal 
and mechanical properties of PLA. Mechanical and thermal characterization of the effect of 
aggregation and inter-phase interaction was investigated via scanning electron microscopy (SEM), 
wide-angle X-ray scattering (XRD), thermogravimetric analysis, differential scanning calorimetry, 
Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) and tensile 
measurements. The morphology exhibited broad rhyolite dispersion until ~5wt.%. The addition of 
rhyolite up to a certain level resulted in a remarkable improvement in both thermal and mechanical 
properties with thermal stability improving the onset temperature from 333°C of PLA to 344°C 
with 5wt-% of rhyolite and modulus changing from 2795 MPa of PLA to 3613 MPa with 20wt-% 
rhyolite. FTIR analysis showed that there is a partial intermolecular interaction via H-bonding 
between C=O of PLA with OH group of rhyolite. Remarkably, with the increase of rhyolite 
content, the strain at break of PLA blends dramatically decreased with somewhat increasing in the 
Young‘s modulus.  With their enhanced gas barrier, mechanical, and thermal properties, these films 
are potentially applicable as biodegradable food packaging films. 
 
10.2. Introduction 
Petrochemical-based polymers bring many benefits to mankind in they form of a wide range of 
commercial products; however, the environmental impact of persistent plastic wastes has raised 
concerns. Disposal methods are limited, considering that most synthetic plastics are non-
degradable, while incineration of plastic wastes is discouraged as this contributes to greenhouse 
gases. Consequently, there is an urgent need to develop plastics from renewable resources that are 
environmentally benign and biodegrade in composts, especially for single-use items such as short-
term packaging, bottles, and disposable utensils
1
. 
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Poly(lactic acid) (PLA) is, one of the few commercially available biobased or partially biobased 
thermoplastic polymers that, has been widely studied
2,3
. Advances in PLA polymerization 
technology have significantly reduced its production cost making it economically competitive with 
petroleum-based polymers. PLA is particularly attractive for various markets, such as packaging, 
textile, and automotive industries. Despite PLA‘s numerous advantages, such as high strength and 
high modulus, its inherent brittleness significantly impedes its applications in many fields. 
Compared with polystyrene (PS), a widely-used thermoplastic, PLA has comparable tensile 
strength and modulus, but suffers from brittleness and thermal instability
4, 5
. 
Over the last few years, many studies have been undertaken to enhance the mechanical properties 
and the impact resistance of PLA using certain additives that has allowed PLA to compete with 
other low-cost biodegradable/biocompatible or commodity polymers. These studies involved 
adding biodegradable and nonbiodegradable fillers and plasticizers to PLA or blending other 
polymers with PLA
6
. In recent years, nanotechnology has afforded unique opportunities to create 
materials of remarkable combinations. Nanostructured materials or nanocomposites have been an 
area of intense industrial and academic research over the past fifteen
7
. 
Many studies have involved blending PLA with various types of nanoreinforcements such as 
nanoclay, cellulose nanowhiskers, ultrafine layered titanate, nanoalumina, and carbon nanotubes
3,8-
22
. PLA-based composites with clay or silica mineral fillers have attracted great interest in recent 
years because they often exhibit improvements in properties over the neat polymers. Advantages of 
PLA nanocomposites include improved stiffness, toughness, heat resistance, fire retardation, and 
ignition resistance, as well as high gas barrier properties and increased biodegradability
23
. These 
property improvements were achieved through interactions between inorganic surfaces on 
nanoclays and the PLA matrix. When the polymer intercalated between the layered sheets of the 
clay, mechanical properties were enhanced due to a well-ordered multilayer morphology composed 
of alternating polymer matrix and inorganic layers
24
. In contrast, when the polymer was unable to 
intercalate between the clay sheets, a phase-separated macrocomposite was obtained and significant 
property enhancements were not achieved
25
. 
Rhyolite is the volcanic equivalent of granite, making it an extrusive igneous rock. Having cooled 
much more rapidly than granite, it has a glassy appearance. Due to its great natural abundance, low 
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cost, high thermal resistance and ease of surface modification, rhyolite can be considered as one of 
the best candidates for preparing polymer composites for various applications. As far as we know, 
there has been no study reported for PLA-rhyolite composites. 
The main objective here was to characterize the material properties of PLA-rhyolite composites and 
to create a new type of eco-friendly composite material suitable for short-term single-use items, 
such as packaging and fast-food items. For this initial study, the rhyolite was used without any 
additional pre-treatment to avoid costs typically associated with surface modifications of nanoclays 
which also impacts thermal stability of the polymer matrix. 
 
10.3. Experimental 
10.3.1. Materials 
The PLA (4032D) used in this study was a commercial product of NatureWorks
®
 Co. LLC, USA 
and had high optical purity with about 98% L-lactide content. A natural Rhyolite fine powder 
(10m) was kindly supplied by Southern Nevada Liteweight (Las Vegas, USA). X-ray 
fluorescence measurements showed that rhyolite contains 70 wt.% SiO2, 12 wt.% Al2O3, 4 wt.% 
K2O, 3 wt.% Na2O, 2 wt.% MgO, 1 wt.% CaO and other element less than 1 wt.%. 
 
10.3.2. Preparation of PLA-Rhyolite Nanocomposites 
The materials were pretreated by drying at 85 °C over drierite for 24 hr to eliminate possible 
absorbed water on the surface of the particles. PLA blends were formulated with 1, 3, 5, 10, 20 and 
30% rhyolite. Blends were melt processed at 180
 o
C for 6 min at 35 rpm using a Haake Rheomix 
600 with roller type blades.About 5 g of the obtained blend was compression molded on a 
laboratory Carver press to obtain films of ~ 300-500 ɲm. Molding conditions were set at 180 oC for 
2 min at 200 Bar. 
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10.3.3. Characterization 
10.3.3.1.  Scanning Electron Microscopy (SEM) 
Composite materials were fractured in liquid nitrogen to observe the interior of the unstressed 
composite. A composite sample was dropped directly into liquid nitrogen and fractured with a pre-
chilled razor blade held in a vice-grip. The fractured pieces were picked out of the liquid nitrogen 
using pre-chilled forceps and placed in a desiccator to thaw and reduce the condensation of water 
on the surface of the material. All specimens were coated with gold–palladium for 45s in a Denton 
Desk II sputter coating unit (Denton Vacuum USA, Moorestown, NJ). Specimens were viewed in a 
Hitachi S4700 field emission scanning electron microscope (Hitachi HTA, Japan) at 2 kV. 
 
10.3.3.2.  Tensile Properties 
Young‘s modulus, stress-at-break, and strain-at-break were determined according to ASTM method 
D638M under ambient conditions, using an Instron 5500R Universal Testing Machine (Instron 
Corp., Canton, MA). Prior to testing, samples were equilibrated at 50% relative humidity in a 
chamber containing saturated solutions of calcium nitrate. The testing conditions used were: cross 
head speed of 5 mm/min and load cell of 0.1 kN. Dumbbell samples (0.2-0.5 mm thick) were tested 
with a gauge length of 20 mm. The reported values were the average of at least 10 measurements. 
Data points were the mean value of each measurement, with error bars in each graph representing 
95% confidence intervals. 
 
10.3.3.3.  Thermal Properties 
Thermogravimetric analysis (TGA) was performed under nitrogen atmosphere in a TA Instruments 
TGA 2950. The samples were heated from room temperature to 800 
o
C at a heating rate of 10 
o
C/min and a nitrogen gas flow rate of 60 mL/min. The derivative of TGA curves (DTG) was 
obtained using TA analysis software. Differential scanning calorimetry (DSC) was performed with 
a Perking Elmer Jade DSC 8000 instrument calibrated with indium (T, ΔH) and zinc (T). DSC 
samples of 10-15 mg were weighed in a 40ɲl stainless steel pan and measured against an empty 
pan as reference. Measurements were carried out under 80 ml.min
-1
 nitrogen flow rate according to 
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the following protocol: first and second heating from -20 to 200 
o
C min
-1
; first cooling (quenching 
after first heating) from 200 to -20
o
C at 100
 o
C min
-1 
and 2 min of isotherm at the end. In particular, 
the first heating scan was used to erase any prior thermal history of the sample and the second 
heating scan was used to evaluate melting temperature (Tm) and crystallinity (Xc). 
The degree of crystallinity Xc was calculated from DSC curves as follows: 
Xc 
   
         
            Eq (1) 
Where ø is the weight fraction of the filler in the composites and Hm is the melting enthalpy (J/g) 
that was calculated from the fusion peak in DSC curve and ΔHm
*
 is the heat fusion for completely 
crystallized PLA (93.1 J/g). 
 
10.3.3.4.  X-ray Diffraction 
X-ray powder diffraction (XRD) analyses were performed with a Philips 1820 diffractometer 
operated at 45 kV, 40 mA using Cu-Kα radiation with a graphite diffracted beam monochromator. 
Data were acquired in a 2 scale from 2° to 40°. 
 
10.3.3.5.  Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
ATR-FTIR spectra of the composite films were obtained using a Perkin Elmer FTIR Spectrometer 
(System 2000, Perkin Elmer, USA) equipped with a DTGS (deuterated triglycine sulfate) detector 
and the ASI DuraSampllR
TM
 Universial DiComp 
TM
 attachment (ASI SensIR Technologies). The 
calibrated pressure applicator was used to ensure reproducible contact between the sample and the 
diamond sensor. At an incident angle of 45° relative to the ZnSe crystal, the penetration depth 
varied from 0.5 to 3 m in the wave number range of 4000 to 650 cm-1. A background spectrum in 
air was obtained for each sample spectrum. All spectra were collected at 4 cm
-1
 resolution. 
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10.4. Result and Discussion 
10.4.1. Morphology Analysis 
SEM micrographs of rhyolite powder are shown in Figure 10.1. The micrograph at low 
magnification (Figure 10.1a) illustrated agglomeration of the powder. At higher magnification 
(Fig. 10.1b), the micrograph revealed that the agglomerated powder was composed of irregular 
shaped particles. 
 
  
(a) (b) 
Figure 10.1. SEM images of low (a) and high magnification of rhyolite (b) 
 
Figure 10.2 shows micrographs of fractured surfaces of neat PLA and PLA-rhyolite composites 
prepared by melt-mixing techniques. Neat PLA presented a smooth and uniform surface (Figure 
10.2(a, b)). 
PLA with 3 wt-% rhyolite exhibited a homogenous distribution of rhyolite in the PLA matrix, as 
shown in Figure 10.2(c, d). However, the size of rhyolite agglomeration seemed to increase with 
increasing rhyolite content. Comparing Figures 10.2(e, f) for the 5 wt.% rhyolite sample with 
Figures 10.2(g, h), the 10 wt-% rhyolite sample, shows increased agglomeration of rhyolite in the 
composite. Also, a gap was noticeable at the interface between rhyolite and PLA matrix, indicating 
that adhesion between the rhyolite surface and PLA matrix has been disrupted. From the 
micrographs, PLA with low rhyolite loading led to a homogeneous distribution of rhyolite particles 
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in the PLA matrix, whereas samples with high rhyolite loading resulted in more agglomerated 
rhyolite. This led to PLA rich zones and less intimate contact between the two components. 
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
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(g) (h) 
Figure 10.2. SEM images of neat PLA at (a) low and (b) high magnification. Low and high 
magnification images, respectively, were obtained for composites of PLA-3%clay (c, d), PLA-5% 
rhyolite (e, f) and PLA-10% rhyolite (e, f). 
 
10.4.2. WXRD Analysis 
X-ray diffraction analysis of filler powders and thin film polymer samples was used to determine 
their crystalline structure and degree of crystallinity. Generally, the amorphous region presented the 
broad scattered region, while the crystalline region showed a typical sharp diffraction peak pattern. 
Neat PLA typically exhibited amorphous prominent peak at around 16.7° which represents the 
(110) and (200) reflections and smaller peaks seen at 14.7° and 19.1° representing planes with 
miller indices of (010) and (203), respectively (Figure 10.3). This agrees with the α-form of PLA 
in line with other observations in literature for solution grown crystals
26-30
. The characteristic 
crystalline peak progressively decreased in intensity with the increasing amount of rhyolite. 
Another peak appears at 9.7° for rhyolite and the peak intensity increased as the loading of rhyolite 
was increased indicating reorganization in the crystalline structure. There is a reduction in the 
intensity of both (110/200) and (203) peaks which indicates that the rhyolite resulted in reduced 
order perpendicular to the helical chain direction (see Figure 10.3). 
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Figure 10-3. XRD of the clay, PLA and PLA-rhyolite composites. 
 
10.4.3. Thermal and Crystallization Behavior 
The thermal properties of the composites could be significantly affected by the crystallization 
characteristics of PLA. Figure 10.4 shows the second heating scans of the DSC thermograms for 
the neat PLA and PLA-clay composites, and Table 10.1 summarizes the results obtained from 
these heating runs. The measurements were performed immediately after the melt-quenching scans, 
so the samples had the same thermal history and could be compared directly. The curves revealed 
similar thermal events for all samples, as follows: the glass-rubber transition (characterized by Tg), 
cold crystallization process (characterized by Tcc and the cold crystallization enthalpy (Hcc)), and 
the melting process (characterized by Tm and Hm, where Hm is the melting enthalpy). As 
summarized in Table 10.1, Tg of the PLA-rhyolite composites was not affected by the filler 
content, which contradicted previous studies that showed an increase in filler content resulted in 
reduced interparticle distances and shifted the Tg of the material to higher temperatures
31
. However, 
Zhu et al
32
 found that Tg of PLA composites was lower than that of virgin PLA and Tg decreased 
with increasing filler content and this decrease was thought to be associated with the plasticization 
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of the nanoparticles within the PLA nanocomposite. In general, Tg of a polymeric composite tends 
to increase with nanoscale filler content. A possible explanation for this discrepancy was the 
formation of aggregates in the matrix and enthalpy relaxation
33
. Enthalpy relaxation is a 
phenomena in which polymer chains gain mobility as Tg is approached, whereby they are free to 
rearrange themselves from a restricted (higher energy) configuration into a more favorable 
structure; almost like uncoiling from a tight space. The more restrictive the environment, the more 
this will play a role in changing Tg. 
Also, perhaps the interphase between matrix and rhyolite is poor because of the lack of connecting 
polymer from the particles to the surrounding polymer matrix. The SEM images of the composites 
[see Fig. 10.1(b-d)] display large aggregates, and the size of the aggregates increases with the filler 
content. Because of the creation of aggregates, the increase of the filler content does not lead 
necessarily to an extra increase of the total filler surface area. 
In Figure 10.4, neat PLA exhibited a broad exothermic peak at about 115.3
 o
C, which indicated a 
rather lower cold crystallization capability. When cold crystallization occurs, less perfect 
crystallites are formed, which melt during the DSC heating run. However, in the case of PLA-
rhyolite composites, this peak was sharper and appeared at much lower temperatures; with a 
corresponding decrease in crystallization enthalpies (see Table 10.1). The decrease in cold 
crystallization temperatures indicated that the rhyolite promoted PLA crystallization on heating
34
. 
Apparently, the rhyolite acted as an effective nucleating agent and sped up PLA crystallization
10,34
. 
Tcc decreased to its lowest value at 110.9 °C for 10 wt.% loading. An increase in rhyolite content to 
20 wt.% led to an increase in Tcc to 113.1 °C. This result could be explained by the agglomeration 
of the rhyolite particles. When more rhyolite was added, more aggregates were formed. In general, 
larger aggregates contributed to the crystallization of PLA. This corresponded to a decrease in 
Hcc at higher filler contents. Even at a filler content of 1 wt %, there were enough aggregates to 
form nucleating sites and promote the growth of PLA crystals. 
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Figure 10.4. DSC (2
nd
 heating) of PLA and PLA-rhyolite composites. 
 
The neat PLA sample showed a melting point of 174.6 °C and a heat of fusion of 33.9 J/g. The 
incorporation of rhyolite particles slightly decreased the melting point of the materials. This led to a 
substantial decrease in heat of fusion and subsequent decrease in crystallinity content, as shown in 
Table 10.1. 
According to Table 10.1, the Xc values for all composites were slightly decreased compared to that 
of neat PLA. This behavior, again, could be attributed to the creation of larger agglomerates and the 
reduction in the number of available nucleation sites. 
The decrease in ΔHm values of all PLA composites is an interesting observation. One could 
speculate that it implies formation of a more stable structure, perhaps due to a low concentration of 
rhyolite forming strong interactions with PLA, which restricted the movement of the polymer 
segments restricting polymer chain mobility. Restrictions of mobility would disrupt the regularity 
of the PLA chain structure. 
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Table 10.1: DSC parameters (2
nd
 heating) of PLA- rhyolite.* 
Code 
Tg 
(
o
C) 
Tcc 
(
o
C) 
Tm 
(
o
C) 
Hcc 
J/g 
Hm 
J/g 
Xc 
(%) 
PLA 64±1
NS
 115.3±
2b
 174.6±1
b
 31.03±2
c
 33.9±1
d
 36.4±1
b
 
PLA-
1%R 
64.4±1 114.2±1
b
 173.4±1
ab
 30.4±2
c
 31.2±
2cd
 33.8±2
ab
 
PLA-
3%R 
64±1 114.5±1
b
 174.2±1
ab
 31.6±0.2
c
 31.5±1
cd
 35.2±1
ab
 
PLA-
5%R 
64.6±1 113.6±1
b
 174.4±1
b
 30.3±0.5
c
 31.3±1
cd
 35.4±1
ab
 
PLA-
10%R 
62.8±2 110.9±2
a
 173.6±1
ab
 28.5±1
bc
 29.6±1
c
 35.4±1
ab
 
PLA-
20%R 
65.2±1 113.1±1
ab
 173.7±1
ab
 25.6±1
b
 24.4±1
b
 32.8±1
a
 
PLA-
30%R 
63.9±1 109.7±1
a
 172.6±1
a
 21.9±2
a
 21.3±1
a
 32.6±1
a
 
*) R: Rhyolite, Tg, Tm are the glass crystallization, melting peak temperatures, respectively, ΛHm is 
the enthalpy of melting, ΛHcc is the cold crystallization enthalpy and Xc is the degree of 
crystallinity.  
NS
: Not significantly different. 
a, b,c,d
: Different letters within a column indicate significant difference at p< 0.001 
 
10.4.4. Thermogravimetric Analysis 
Figure 10.5 shows the TGA curves of neat PLA and PLA-rhyolite composites showing the 
percentage of weight loss during constant heating, with a summary of the 2 wt.% loss temperatures 
in Table 10.2. The neat polymer formed a residue of less than 0.15%, whereas the composites left 
some residue that corresponded to their rhyolite loadings. 
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Previous studies have shown that typical clay-polymer composites exhibit higher thermal 
decomposition temperatures than that of the neat polymer
35, 36
, although none of these previous 
reports described rhyolite The increase in thermal stability of clay-polymer composite could be 
explained by two factors: the decomposition of products being inhibited by thermally stable fillers 
or the filler acting as a barrier preventing heat transfer. Thermal decomposition for the PLA-
rhyolite shifted significantly to a higher temperature range than that for neat PLA and the 
decomposition temperature strongly depended on the rhyolite content. 
The temperature corresponding to the onset of decomposition (Tonset) for a polymer is essential for 
evaluating its thermal stability and can be used as a guide for melt processing. According to Table 
10.2, Tonset for the PLA-rhyolite gradually increased for rhyolite content up to 5 wt-%, then 
decreased slowly with further increase in filler loading. The PLA-5% rhyolite sample exhibited the 
highest Tonset (344 °C), which was approximately 11 °C higher than that for neat PLA. However, a 
much larger amount of rhyolite (30 wt-%) led to a decrease in Tonset of 25 °C. This was probably 
due to two factors: the limit in the distribution and dispersion of rhyolite in the PLA matrix and the 
acceleration of PLA degradation by OH functional groups on the rhyolite surface
37
. Thus, at higher 
rhyolite content, rhyolite tended to agglomerate in the PLA matrix much more than it did at lower 
rhyolite content, since there was a polarity difference between rhyolite surfaces and the PLA 
matrix. 
 
 
a)       b) 
Figure 10.5. TGA (a) and DTG (b) of PLA and PLA with different loading of rhyolite  
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Another important thermal characteristic is the temperature corresponding to the maximum rate of 
weight loss (Tp), which is defined as the peak value of the first derivative of the TGA curve. The 
first derivative curves for neat PLA and PLA-rhyolite composites are shown in Figure 10.5 and 
their Tp values are listed in Table 10.2. All curves exhibited a single peak, indicating that the PLA 
in the composites degraded in only one step. In addition, the Tp remained relatively constant up to a 
5wt-% rhyolite loading and subsequently decreased in value thereafter. 
 
Table 10.2: TGA data of PLA- rhyolite.
a
 
Code 
Tonset 
(
o
C) 
Tp 
(
o
C) 
R800  
(%) 
PLA 333 369 0.12 
PLA-1% rhyolite 338 371 1.2 
PLA-3% rhyolite 343 368 3.0 
PLA-5% rhyolite 344 368 5.7 
PLA-10% rhyolite 340 365 9.9 
PLA-20% rhyolite 322 352 18.5 
PLA-30% rhyolite 308 343 28.1 
a) Tonset is the onset temperature; Tp is the first derivative peak; and R790 is the residual weight at 
800
o
C. 
10.4.5. Mechanical Properties 
Young‘s modulus, strain at break and stress at break values of melt-mixed PLA and PLA-rhyolite 
composites are presented in Figure 10.6 and summarized in Table 10.3. Pure PLA has excellent 
mechanical properties, making it commercially viable for a host of products, such as single-use 
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bottles and wraps; although, compared to some conventional polymers such as PE, PP, it is 
relatively brittle. 
 
 
a) 
 
b) 
Figure 10.6. Young‘s modulus (a) and stress at break (b) of PLA and PLA-rhyolite composites 
with different clay loadings. 
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Addition of 1wt% rhyolite to PLA brought about an increase in Young‘s modulus, reflecting that 
reinforcement, attained by good dispersion of the rhyolite into the PLA film, does decrease 
brittleness. In fact, the 1 wt% rhyolite sample had the highest modulus; i.e. it is more brittle than 
the PLA matrix. At higher rhyolite loadings, composites became more brittle and elongation at 
break decreased in value. It is known that the addition of filler can generally enhance tensile 
strength of a polymer, but will generally decrease its ductility
38,39
. Also, the mechanical properties 
strongly depended on the dispersion and phase size of rhyolite in the polymer matrix. The Young‘s 
modulus increased for rhyolite contents greater than 10 wt% due to formation of agglomerates. 
For the rhyolite-PLA films, the stress at break values decreased with the incorporation of rhyolite. 
This was attributed to relatively weak interactions between the polymer matrix and the rhyolite. 
 
Table 10.3: Tensile properties of PLA- Rhyolite.
a)
 
Sample 
YM 
(MPa) 
SB 
(MPa) 
EB 
(%) 
PLA 2795±395
a
 82±15
b
 4.5±0.7
c
 
PLA-1% rhyolite 2974±354
ab
 74±15
ab
 3.6±0.3
bc
 
PLA-3% rhyolite 2872±420
a
 57±25
a
 4.5±0.9
c
 
PLA-5% rhyolite 2817±307
a
 72±6
ab
 3.3±0.5
bc
 
PLA-10% rhyolite 3385±575
ab
 70±15
ab
 4.1±1
c
 
PLA-20% rhyolite 3613±300
b
 63±8
ab
 3±0.3
b
 
PLA-30% rhyolite 3167±557
ab
 51±6
a
 1.9±0.3
a
 
a) YM: Young's modulus, SB:stress at break and EB: strain at break. Errors were calculated at 99 
% of confidence of Student‘s t-test. 
NS
: Not significantly different. 
a, b,c,d
: Different letters within a column indicate significant difference at p< 0.001. 
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10.4.6. ATR-FTIR Analysis of Hydrogen Bonding 
ATR-FTIR spectroscopy reveals bonds and is sensitive enough to verify hydrogen-bond formation 
in a range of systems
40-42
. PLA is an aliphatic polyester that is synthesized by condensation 
polymerization of lactic acid or ring-opening polymerization of lactide. 
The IR spectra of the pure PLA, rhyolite fillers, and their composites are presented in Figure 
10.7a. The neat PLA spectrum showed a strong absorption band at 1749 cm
-1
, which corresponded 
to the C=O stretching vibration (Figure 10.7b). Additionally, the small band at 2995 cm
-1
 was 
assigned to the C-H stretching vibrations of CH3 groups in the side chains, and the band 2945 cm
-1
 
was attributed to the –CH- in the stem chains of PLA. For the rhyolite filler, peaks at 1008 cm-1 
was caused by the bending vibration of the functional group Si-O. The strongest peak of SiO2 at 
1008 cm
-1
 overlapped with the peak at 1043 cm
-1
, which corresponded to the –C-O- stretching 
vibration of PLA. Additionally, the overlapping and shifting of the rhyolite bands at higher 
wavenumbers occurred in all PLA-rhyolite composites. This was ascribed to the interactions 
between PLA and rhyolite. The change of absorption band positions and their intensity at 1748 cm
-
1
 for C=O could have been due to interactions between polymer functional groups and mineral 
hydroxyls. Additionally, the surface hydroxyl groups of SiO2 could react with the hydroxyl end 
groups of PLA to form H2O as a by-product during melt compounding
43-45
. These interactions can 
be dipole-dipole attraction, Van der Waals interaction or hydrogen bonding. These forces probably 
contributed to the improvement in the thermal properties compared to neat PLA. 
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a) 
 
b) 
Figure 10.7. ATR-FTIR of PLA and PLA-rhyolite composites with different clay loadings over (a) 
the broad wavelength spectrum and (b) highlighting differences at 1749 cm
-1
. 
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10.5. Conclusion 
Biodegradable PLA-rhyolite composites were successfully prepared by simple melt mixing of PLA 
and rhyolite. This is a simple compounding technique which could be exploited further for 
commercial viablility. SEM showed that PLA with low rhyolite loading exhibited a homogeneous 
distribution of rhyolite particles in the matrix. Samples with high rhyolite loading had more 
agglomerated rhyolite. XRD data showed that a PLA molecular chain was not diffused into the 
interlayer space of rhyolite. Moreover, rhyolite essentially did not affect the Tg for all of PLA-
composites, although crystallinity decreased with increased rhyloite loading. On the other hand, 
thermal decomposition properties of PLA- rhyolite composites shifted significantly to a higher 
temperature range (max. 5wt-%) than that for neat PLA matrix. The concurrent addition of the filler 
caused the strain at break decrease and the Young‘s modulus to somewhat increase compared with 
pristine PLA matrix.  FTIR showed that there somewhat interactions between PLA and rhyolite. 
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11. PLA/BACTERIAL CELLULOSE NANOWHISKERS MODIFIED 
 
11.1. Abstract 
A novel and facile method for grafting poly glycidyl methacrylate (PGMA) onto bacterial cellulose 
nanowhiskers (BCNW), involving a redox-initated free radical reaction, was developed. 
Characterization of modified and native BCNW by ATR-FTIR, SEM and TGA confirmed the 
grafting of PGMA onto cellulose surface, although probably excessive grafting started to distort the 
crystalline structure of native BCNW and thus, thermal stability was decreased. BCNW and native 
BCNW were subsequently incorporated into PLA to produce fully ecofriendly biodegradable 
nanocomposites and the effects of BCNW surface modification on the properties of the attained 
nanocomposites were studied. Morphological characterization carried out by optical microscopy 
and SEM showed that the dispersion of modified BCNW improved significantly compared to that 
of unmodified BCNW, although agglomeration of the nanofiller still took place to a certain extent. 
PGMA-grafted BCNW showed a tendency to increase the crystallinity of PLA, as deduced from 
DSC analyses, suggesting a higher matrix-filler interaction. The same conclusion was drawn from 
tensile testing. Nanocomposites incorporating both modified and unmodified BCNW presented 
increased Young‘s modulus and tensile strength. However, this effect was more obvious for 
nanocomposites containing modified BCNW, which at the same time maintained or even improved 
the ductility of neat PLA. Thermal stability was decreased when incorporating PGMA-grafted 
BCNW, although weight loss was not observed for temperatures below 300ºC in any case. These 
high performance and ecofriendly nanocomposites will expand the utilization of BCNW from 
renewable bioresources and promote the practical application of PLA-based materials. 
 
11.2. Introduction 
Currently, considerable research efforts have been undertaken to develop new plastic materials with 
low environmental impact. Biodegradable plastics and biodegradable polymer products from 
renewable resources have attracted increased attention for sustainable development and 
environmental conservation. Utilization of natural fillers from renewable resources not only 
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contributes to a healthy ecosystem, but also makes them economically interesting for industrial 
applications due to the high performance of the resulting composite
1-3
. Biodegradable composites 
derived from natural fibers and biopolymers are more ecofriendly and have shown potential 
applications in food packaging, biomedical and tissue engineering
4
. In the past decades, several 
biodegradable polymers such as polylactic acid (PLA) and polyhydroxyalkanoates (PHAs) have 
been developed from renewable resources. PLA, -[CH(CH3)COO]n-, is one of the most widely 
used and well-studied biopolymers. It is an aliphatic polyester and is synthesized through lactic 
acid fermentation
5,6
. It is highly transparent and rigid, with thermal and mechanical properties 
comparable to poly(ethylene terephthalate)
7
. The crystallizable content can be controlled by the 
ratio of L and D isomers of lactic acid used in its synthesis
8,9
. However, the use of this biopolyester 
has been limited because of its brittleness and low heat distortion temperature (softening above 
60°C). Furthermore, it does not biodegrade at ambient temperature (not home compostable)
10
. 
Production of polymer blends and composites are efficient and economic methods to tailor new 
materials with an advantageous combination of end-use properties
11
. Many studies have involved 
blending PLA with various types of fillers such as nanoclay, cellulose nanowhiskers, ultrafine 
layered titanate, nanoalumina, and carbon nanotubes
13-27
. 
Cellulose nanowhiskers (CNW) represent an interesting alternative for the production of PLA 
nanobiocomposites with improved properties. Cellulose is one of the most abundant biopolymers 
found in nature and it can be extracted from plants and algae. Additionally, it can be synthesized by 
some bacterial species, such as Gluconacetobacter xylinum, which in a culture medium rich in 
polysaccharides are able to produce a layer of nearly pure bacterial cellulose (BC). By subjecting 
BC to acid hydrolysis, it is possible to obtain cellulose nanowhiskers (BCNW) presenting a highly 
crystalline structure
28
, with several micrometres in length and a width of 5-50 nm
29, 30
.  
CNW have attracted a great deal of interest in the nanocomposites field due to their nanoscale 
dimensions, high surface area, unique morphology, low density, and mechanical strength. They are 
also readily available, renewable and biodegradable
31,32
. Furthermore, abundant hydroxyl groups on 
the surface of CNW are suitable for chemical modification, including esterification, etherification, 
oxidation, silylation, and polymer grafting
33,34
. Many researchers have used CNW as a reinforcing 
nanofiller with different synthetic and biodegradable polymers
3,35-52
 and the reinforcement of PLA 
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using CNW has also been reported
53-56
. Properties of fiber-reinforced composites are strongly 
influenced by interactions between the components. To improve their adhesion properties and 
reduce the hydrophilicity of BCNW, it is necessary to undertake surface modification of CNW and 
/or addition of compatibilizers. 
In this study, the surface of BCNW was chemically modified by graft copolymerization of glycidyl 
methacrylate (GMA) using a redox-initiated free radical method. GMA has two reactive functional 
groups: a very reactive epoxy group and an acrylic group. These modified BCNW were 
subsequently incorporated into a PLA matrix to produce fully biodegradable nanocomposites. It is 
hypothesized that epoxy group in GMA will react with the carboxylic group of PLA and improve 
the dispersion of BCNW. Additionally, it is expected that the surface modification of BCNW will 
promote miscibility and interfacial adhesion with the polyester matrix, ultimately enhancing 
mechanical performance and thermal stability of the resultant nanocomposites. The chemical 
grafting was confirmed by FTIR, SEM and TGA. The structure, morphology, melting behavior, 
mechanical properties and miscibility of the PLA nanocomposites were also investigated. 
 
11.3. Experimental 
11.3.1. Materials  
Poly(lactic acid) (PLA) was a Polylactide Resin 4042D grade (Natureworks, LLC, Minnetonka, 
MN) with a weight average molecular weight (Mw) of ca. 6.6 × 10
4
 g/mol. Glycidyl methacrylate 
(GMA) and ammonium cerium (IV) nitrate (CAN) were purchased from Aldrich (St. Louis, MO, 
USA). Sulfuric acid (96%) was purchased from Panreac (Barcelona, Spain). Nitric acid, methanol 
and acetone were supplied by Fisher Scientific (New Jersey, USA). Tetrahydrofuran (THF) and 
chloroform were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
 
11.3.2. Preparation of Bacterial Cellulose Mats 
Bacterial cellulose mats were obtained by following the same procedure as described in a previous 
work
57
. the bacterial strain Gluconacetobacter xylinum 7351 was incubated in a modified 
Hestrin/Sharamm medium at 30
o
C. The cells were pre-cultured in a test tube containing 5 ml of 
media and re-inoculated into larger volumes until obtaining the final 20 l culture medium. The 
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synthesized bacterial cellulose pellicles were sterilized and cleaned in boiling water and in a 10% 
(v/v) NaOH aqueous solution. 
 
11.3.3. Preparation of Bacterial Cellulose Nanowhiskers (BCNW) 
Once neutral pH was reached, bacterial cellulose particles were ground in a blender and the gel-
like material was then compressed to remove most of the absorbed water. The dried material was 
then subjected to acid hydrolysis according to a previously optimized method
32
. BC was treated 
with a sulfuric acid solution (301mL sulfuric acid/L water), in a cellulose/acid ratio of 
approximately 7g/L, at 50ºC for three days until a homogeneous solution was obtained. The 
cellulose nanowhiskers were obtained as a white precipitate after several centrifugation and 
washing cycles. After that, the material was re-suspended in deionized water and neutralized with 
sodium hydroxide until neutral pH. The sample was subsequently centrifuged to obtain the final 
product as a partially hydrated precipitate. The product was kept refrigerated and one fraction was 
freeze-dried for further analyses. 
Another fraction of the material was solvent exchanged into acetone and chloroform. The water of 
the partially hydrated precipitate was replaced with acetone by applying several centrifugation 
cycles in which the supernatant was removed and replaced with acetone. After that, several 
centrifugation cycles were applied and acetone was replaced by chloroform. Solvent exchanged 
BCNW were obtained as a gel-like material. The concentration of BCNW after evaporating the 
chloroform was 48 wt-%. 
 
11.3.4. Graft Copolymerization of BCNW (BCNW-PGMA) 
BCNW-PGMA was prepared according to a previous study
58
. Partially hydrated BCNW were 
diluted with water to obtain a 0.2 wt.-% suspension and the pH was adjusted to 1 with dilute nitric 
acid. This suspension was stirred for 30 minutes while nitrogen was bubbled through the system. 
CAN was added as the initiator at a concentration of 4 mmol/L and the mixture was stirred for 15 
minutes while the temperature was set to 35 ºC. The GMA monomer was incorporated gradually 
over a period of 30 minutes at a concentration of 40 mmol per g of dry BCNW. Finally, the 
mixture was stirred for 60 minutes. 
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After the reaction, the product was centrifuged at 12000 rpm for 20 minutes and the supernatant 
was removed. The solid precipitate was repeatedly washed with water to remove traces of initiator 
and acid and after each washing step, the material was vacuum filtered. Subsequently, the material 
was washed with THF to separate the homopolymer from the graft copolymer. The material was 
suspended in 40 mL of THF and the suspension was then added drop by drop to 400 mL of 
methanol in an ice bath. The sample was continuously stirred overnight. The material was vacuum 
filtered and washed with THF again. The grafted BCNW (BCNW-PGMA) was then vacuum dried 
overnight to remove any traces of methanol. 
 
11.3.5. Preparation of PLA-BCNW Nanocomposites 
PLA-BCNW nanocomposites were prepared by solution casting. Chloroform solution containing 
5% (w/v) of polymer was stirred at room temperature for 48 h. Nanowhiskers were added to the 
solution and an Ultra-turrax was used to disperse the nanowhiskers. The samples were placed in 
an ultrasound bath for 1 h to remove bubbles. The solution was poured into a glass Petri-dish and 
placed on a levelled platform. Chloroform was allowed to evaporate over 3 days and residual 
solvent was removed from films by drying at 35-40°C for 24 h. About 1 g of sample was 
compression molded (a laboratory Carver press) to obtain films of around 300-500 ɲm thickness. 
For molding, samples were placed in a mold and heated to 185
o
C and left isothermally for 3 min 
at 28 MPa.  Films of pure PLA and PLA with 1, 3 and 5 wt.-% (relative to PLA weight) modified 
and unmodified BCNW were produced. 
 
11.3.6. Characterization 
11.3.6.1. Attenuated Total Reflectanc-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
ATR-FTIR spectra of the nanocomposite films were obtained using a Perkin Elmer FTIR 
Spectrometer (System 2000, Perkin Elmer, USA) equipped with a DTGS (deuterated triglycine 
sulfate) detector and an ASI DuraSampllR
TM
 Universial DiComp 
TM
 attachment (ASI SensIR 
Technologies). The calibrated pressure applicator was used to ensure reproducible contact between 
the sample and the diamond sensor. At an incident angle of 45° relative to the ZnSe crystal, the 
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penetration depth varied from 0.5 to 3 m in the wave number range of 4000 to 650 cm-1. A 
background spectrum in air was obtained for each sample spectrum. All spectra were collected at 4 
cm
-1
 resolution. 
 
11.3.6.2. Scanning Electron Microscopy (SEM) 
Nanocomposites were fractured in liquid nitrogen to observe the interior of the unstressed 
composite. The nanocomposite sample was dropped directly into liquid nitrogen and fractured with 
a pre-chilled razor blade held in a vice-grip. The fractured pieces were picked out of the liquid 
nitrogen using pre-chilled forceps and placed in a desiccator to thaw and reduce the condensation 
of water on the surface of the material. All specimens were coated with gold–palladium for 45 s in 
a Denton Desk II sputter coating unit (Denton Vacuum USA, Moorestown, NJ). Specimens were 
viewed in a Hitachi S4700 field emission scanning electron microscope (Hitachi HTA, Japan) at 2 
kV. 
 
11.3.6.3. Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) was performed with a Perking Elmer Jade DSC 8000 
instrument calibrated with indium (T, ΔH) and zinc (T). DSC samples of 10-15 g were weighed in 
a 40ɲl stainless steel pan and an empty one was used as reference. Measurements were carried out 
using 80 ml.min
-1
 nitrogen flow rate according to the following protocol: first and second heating 
from -20 to 200
o
C.min
-1
; first cooling (quenching after first heating) from 200 to -20
o
C at 
100
o
C.min
-1 
and 2 min of isotherm at the end. In particular, the first heating scan was used to erase 
any prior thermal history of the sample and the second heating scan was used to evaluate melting 
temperature (Tm) and crystallinity (Xc). 
The crystallinity (%) of the PLA was estimated from the corrected enthalpy for biopolymer content 
in the hybrid fibers, using the ratio between the enthalpy of the studied material and the enthalpy of 
a perfect PLA crystal, i.e.  
100(%)
0




f
cf
C
H
HH
X       Eq(1) 
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where fH  is the enthalpy of fusion and CH  the enthalpy of cold crystallization of the studied 
specimen, and    
  is the enthalpy of fusion of a totally crystalline material. The    
  used for this 
equation was 93 J/g for PLA
59
. 
 
11.3.6.4. Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis (TGA) was performed under nitrogen atmosphere in a TA Instruments 
TGA 2950. The samples were heated from room temperature to 500
 o
C at a heating rate of 10
 
o
C/min and a nitrogen gas flow rate of 60 mL/min. The derivative of TGA curves (DTG) was 
obtained using TA analysis software. 
 
11.3.6.5. Tensile Testing 
Young‘s modulus, stress at break, and strain at break were determined according to ASTM method 
D638M under ambient conditions, using an Instron 5500R Universal Testing Machine (Instron 
Corp., Canton, MA). Prior to testing, samples were equilibrated at 50% relative humidity in a 
chamber containing saturated solutions of calcium nitrate. The testing conditions used were: cross 
head speed of 5 mm/min and load cell of 0.1 kN. Dumbbell-shaped samples (0.2-0.5 mm thick) 
were tested with a gauge length of 20 mm. The reported values were the average of at least 10 
measurements. Data points were the mean value of each measurement, with error bars in each 
graph representing 95% confidence intervals. 
 
11.4. Results and Discussion 
11.4.1. Characterization of BCNW and BCNW-co-PGMA  
The grafting mechanism of PGMA onto BCNW is shown in Scheme 11.1. Firstly, ceric ion forms 
a chelate complex that decomposes to generate free radicals on the cellulose backbone. In the 
presence of GMA monomers, these free radicals will generate graft polymerization on the surface 
of the nanofiber
60,61
. To characterize the chemical structure and confirm that the grafting of 
PGMA took place, ATR-FTIR spectra of the BCNW before and after the copolymerization 
reaction were recorded. From Figure 11.1, the unmodified BCNW shows a broad band centered 
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at ca. 3300 cm
-1
, which corresponds to hydrogen bonded hydroxyl groups, and a band at 2898 cm
-
1
 assigned to C-H stretching. The peaks located at 1430 cm
-1
, 1375 cm
-1
 and 900 cm
-1
, which are 
related to the amount of crystalline fractions in cellulose, are also clearly detected. The PGMA 
grafted sample shows a new, strong band at 1724 cm
-1
, which is characteristic of an ester carbonyl 
group. In addition, the peaks appearing at 844 cm
-1
 and 905 cm
-1
, which are characteristic of an 
epoxy group, can be observed in the BCNW-PGMA sample, thus confirming the presence of 
PGMA grafting. 
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Scheme 11.1. Graft copolymerization scheme. Oxidation of BCNW followed by reaction with 
GMA. 
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Figure 11.1. ATR-FTIR spectra of BCNW and BCNW-PGMA. 
 
The morphology of BCNW before and after grafting of PGMA was also studied by SEM and 
representative images are shown in Figure 11.2. The first thing to notice is that when subjecting 
the material to a drying process, BCNW tend to agglomerate forming bundles which are held by 
strong hydrogen bonds. In Figure 11.2b, the PGMA grafted chains can be easily detected, 
confirming that the copolymerization reaction took place correctly and a smooth interface 
between the BCNW and the PGMA is observed. 
 
   
a)      b) 
Figure 11.2. SEM micrographs of freeze-dried BCNW (a) and BCNW-PGMA (b), scale markers 
corresponding to 600 nanometres in (a) and to 5 micrometers in (b). 
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As BCNW are intended to be used as nanofillers for conventional plastic matrixes, it is also 
important to determine the degradation temperature of the material to determine the temperature 
range in which the nanofiller can be processed without suffering thermal degradation. Figure 11.3 
shows the DTG curves of the nanowhiskers before and after PGMA grafting. As observed, the 
grafting copolymerization resulted in a material with decreased thermostability. While the BCNW 
sample presents a sharp degradation peak with a maximum at approximately 319 ºC, the BCNW-
PGMA sample shows multiple degradation steps (Table 11.1). This result is in agreement with 
previous studies in which PGMA was grafted onto cotton cellulose
62
 and nanofibrillated 
cellulose
63
. 
 
 
Figure 11.3. DTG curves of unmodified BCNW and BCNW with grafted PGMA. 
 
Parameters deduced from TGA analyses are summarized in Table 11.4. It can be observed that 
the degradation of cellulose takes place in the same temperature range, i.e. between ca. 250 ºC and 
350 ºC, for both modified and unmodified BCNW. In the case of modified BCNW, this step is 
followed by the degradation of PGMA, which shows one major peak and one shoulder peak. This 
is in agreement with previous in which the degradation temperature of PGMA has been previously 
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reported to take place in two main steps, corresponding to the depolymerisation reaction and to 
ester decomposition, respectively
64
. Regarding to the first degradation step, which presents a 
maximum at ca. 221ºC, the authors hypothesize that it could be ascribed to the cellulose grafted 
fraction, which as a consequence of excessive grafting could be loosing its highly crystalline 
nature to a certain extent. Previous works on cellulose surface modification have demonstrated 
that excessive substitution may be detrimental for the structure and properties of cellulose 
nanowhiskers
65,66
. 
 
Table 11.1. TGA of BCNW and BCNW-PGMA
a
. 
Sample TOnset (ºC) Td1  (ºC) Td2  (ºC) Td3  (ºC) R490ºC (%) 
BCNW 297.1 ---- 318.9 ---- 5.5 
BCNW-PGMA 197.6 ± 5 220.8 ± 3 319.1 ±7 366.7 ± 2 13.2 ±1 
a) TOnset: the onset temperature, Td: the maximum of the weight loss first derivate and R490: the 
residue at 490ºC. 
 
To summarize, it has been demonstrated that GMA was grafted onto BCNW‘s surface by the 
copolymerization reaction presented in this work. Grafting of GMA is expected to improve the 
adhesion between matrix and nanofiller when incorporating BCNW into PLA. Nevertheless, it 
might be possible that a high degree of GMA grafting could be destructing the extremely 
crystalline structure of BCNW and therefore a lower thermal stability could be attained for 
nanocomposites incorporating modified BCNW. 
 
11.4.2. Characterization of PLA Nanocomposites 
The main purpose of this work was to study the properties of PLA nanocomposites incorporating 
highly crystalline BCNW and to evaluate the convenience of the PGMA grafting versus the 
incorporation of unmodified BCNW. 
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The morphology of the attained nanocomposites was studied by optical microscopy with polarized 
light and by SEM of the cryo-fractured sections. Figure 11.4 shows photographs taken from the 
optical microscope with polarized light for nanocomposites with 5 wt.-% nanofiller loading. 
Cellulose nanocrystals can be identified in these figures as bright areas. While big aggregates can 
be identified in the sample containing BCNW, a higher level of nanofiller dispersion can be 
observed for the nanocomposite incorporating the modified cellulose nanocrystals. 
Nevertheless, to get more accurate information about the dispersion of the nanofiller within the 
matrix, the cryo-fractured surfaces of nanocomposite films were examined by SEM. From 
observation of cryo-fractured films, non-modified BCNW agglomerate to a large extent in the 
nanocomposites. Even though the nanowhiskers had been subjected to a solvent exchange process 
to improve their dispersion in organic solvents, their hydrophilicity led to low compatibility 
between the non-polar solvent in which PLA was dissolved and the BCNW. Also, phase separation 
occurred between the polymeric matrix and the BCNW agglomerates. However, the dispersion of 
BCNW-PGMA seemed to be better when compared to unmodified BCNW. 
 
  
a)      b) 
Figure 11.4. Images from optical microscopy with polarized light of nanocomposite films: PLA+5 
wt.-%BCNW (a) and PLA+5 wt.-%BCNW-PGMA (b). Scale markers correspond to 50 
micrometres. 
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a)      b) 
 
c) 
Figure 11.5. SEM micrographs from the cryo-fractured surface of nanocomposite films: Pure PLA 
(a); PLA-3wt-%BCNW (b) and PLA-3wt%BCNW-PGMA (c). Scale markers to 5 micrometres. 
 
As an example, Figure 11.5 shows micrographs of neat PLA and nanocomposites with 3 wt.-% 
loading. The grafted PGMA chains have better compatibility with the PLA matrix and therefore, 
the BCNW-PGMA seems to be better distributed in the film. Nevertheless, the nanofillers were still 
aggregated to a certain extent and it was not possible to obtain nanocomposites with individual 
cellulose nanowhiskers uniformly dispersed in the PLA. 
The chemical reaction between the hydroxyl groups of PLA with epoxy groups of BCNW-PGMA 
was followed by ATR-FTIR as shown in Figure 11.6. All the PLA-based nanocomposites showed 
a peak located at 1752 cm
-1
, characteristic of an ester group. FTIR analysis also showed the 
disappearance of the absorption bands at 905-920 cm
-1
 corresponding to the epoxy group, revealing 
the reaction between hydroxyl groups of PLA with the epoxy group. In addition, the band located 
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at 1640 cm
-1
 can be detected in the spectra indicating an increase in H–O–H interactions in the 
nanocomposites. Thus, FTIR analyses confirmed that the PLA had reacted with BCNW-PGMA. 
 
 
a) 
 
b) 
Figure 11.6. ATR-FTIR spectra of a) neat PLA and PLA nanocompowsites over (a) the broad 
wavelength spectrum and (b) highlighting differences from 700-2000 cm
-1
. 
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With the aim of investigating the effect of incorporating BCNW into the PLA matrix, DSC 
analyses were carried out. Table 11.2 shows the DSC results from the second heating run. No 
significant effects on thermal properties of the nanocomposites could be detected, with a 
confidence level of 95%, with the incorporation of CNW. However, the addition of modified 
BCNW seems to lead to an increase in PLA crystallinity compared to unmodified BCNW. The 
same effect was observed for PLA nanocomposites containing plant cellulose nanowhiskers 
produced by solution casting
67
. In that case, the crystallinity increase was explained by the CNW 
acting as efficient nucleating agents, which enhance the crystallization rate of the matrix molecules. 
In this case, it seems that the greater affinity between the matrix and the BCNW-PGMA is 
responsible for its nucleating effect. 
 
Table 11.2. DSC (2
nd
 heating) of neat PLA and PLA nanocomposites
a
.  
Code Tm (ºC) ΔHm (J/g) Tcc (ºC) Xc (%) Tg (ºC) 
PLA 173.8±1
NS
 36.2 ± 2.3
 NS
 112.6 ± 2.1
 NS
 3.8 ± 1.4
 NS
 61.6 ± 1.4
 NS
 
1%BCNW 170.5±4 36.4 ± 3.6 110.8 ± 1.1 3.8 ± 3.1 62.8 ± 0.5 
3%BCNW 173 ±1 43.6 ± 4.9 112.8 ± 0.0 3.2 ± 1.4 62.8 ± 0.2 
5%BCNW 173.1±1 34.1 ± 0.4 112.6 ± 0.5 2.9 ± 0.5 62.4 ± 0.9 
1%BCNW-PGMA 172.3±1 34.8 ± 0.6 109.0 ± 3.4 6.2 ± 0.2 60.6 ± 2.9 
3%BCNW-PGMA 172.8±1 35.2 ± 0.1 110.0 ± 0.4 5.8 ± 2.5 61.2 ± 0.6 
5%BCNW-PGMA 172.8±1 36.9 ± 0.4 109.7 ± 2.4 6.8 ± 2.9 61.5 ± 2.1 
a) Tm: The maximum of melting temperature, Hm: the melting enthalpy, Tcc: the cold 
crystallization temperature, Xc: the degree of crystallinity and Tg: the glass transition temperature. 
NS: not statistical significant differences with a confidence level of 95%. 
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It also should be noted that although there is no statistically significant effect on the glass transition 
temperature of the material, the Tg of unmodified BCNW tend to be higher than those of the 
modified BCNW. As previously pointed out, the PGMA chains introduced into the highly 
crystalline BCNW may disrupt the nanowhiskers strong network hence decreasing the rigidity of 
the nanofiller. Therefore the slight decrease in the mobility of the polymeric matrix chains observed 
when incorporating BCNW is not detected with the addition of BCNW-PGMA. 
Table 11.3 displays the thermogravimetric analyses data for the nanocomposites with modified and 
unmodified BCNW. As observed, the effect on the thermal properties of the material is different 
depending on the characteristics of the nanowhiskers incorporated into the polymeric matrix. 
Unmodified BCNW seem to slightly increase the thermal stability of the nanocomposites for 
loadings up to 3 wt-%. In contrast, the incorporation of BCNW-PGMA leads to materials with 
significantly decreased thermal stability as compared to that of neat PLA. 
 
Table 11.3. TGA of neat PLA and PLA nanocomposites
a
.  
Code TOnset (ºC) Td (ºC) R490ºC (%) 
PLA 328.9 ± 3.5
 NS
 362.1 ± 1.8
b
 0.3 ± 0.2
NS
 
1%BCNW 330.9 ± 6.3 362.7 ± 1.5
b
 0.2 ± 0.1 
3%BCNW 335.5 ± 1.6 364.1 ± 0.1
b
 0.04 ± 0.01 
5%BCNW 329.3 ± 0.7 356.9 ± 0.5
b
 0.4 ± 0.5 
1%BCNW-PGMA 314.3 ± 0.1 348.5 ± 1.0
a
 0.6 ± 0.03 
3%BCNW-PGMA 316.2 ± 3.7 349.0 ± 3.0
a
 0.5 ± 0.1 
5%BCNW-PGMA 310.5 ± 0.3 346.6 ± 3.9
a
 0.5 ± 0.1 
a) TOnset: the onset temperature, Td: the maximum of the weight loss first derivate and R490: the 
residue at 490 ºC. NS: not statistical significant differences with a confidence level of 95%. 
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As discussed in the previous section, the grafting of PGMA onto the cellulose chains led to a 
decrease in thermal stability of the nanofiller and therefore, the incorporation of BCNW-PGMA 
should have a detrimental effect on the thermal stability of the nanocomposites. 
Table 11.4 displays the mechanical properties of the nanocomposite films. The incorporation of 
both modified and unmodified BCNW resulted in increased Young‘s modulus and tensile strength. 
It is to note that this effect was more obvious for samples incorporating BCNW-PGMA. DSC 
results had indicated that nanocomposites containing BCNW-PGMA had higher crystallinity than 
those containing unmodified BCNW. Also, maximum Young‘s modulus and tensile strength values 
were obtained for samples with 3 wt-% loading, suggesting nanofiller concentrations higher than 3 
wt-% there is a greater level of nanofiller agglomeration. 
The BCNW-PGMA samples had slightly higher elongation at break values compared to neat PLA, 
whereas the BCNW samples had comparable values. In general, the addition of reinforcing agents 
to polymeric materials results in lower elongation at break values since they act as stress 
concentrating components. However, previous studies have found that when strong interactions, 
such as hydrogen bonding, take place between matrix and filler, the stress concentration effect is 
reduced to a certain extent
68
. This result suggests again that the surface modification of BCNW 
promotes interactions between the PLA matrix and the nanofiller, thus resulting in optimized 
mechanical properties 
Previous studies have reported that the addition of cellulose whiskers led to poorer mechanical 
properties due to poor interfacial adhesion between the hydrophobic matrix and the hydrophilic 
CNW
67,69
. However, it has also been reported that filler-filler interactions are important for the 
reinforcing capacity of CNW
70,71
. 
The percolation threshold, where the nanowhiskers are interconnected by a 3D network, is a 
crucial condition to obtain strong mechanical reinforcement. By using the following equation, the 
percolation threshold (   ) can be estimated as a function of the aspect ratio
72
: 
 
   
   
 
  
 
where L/d is the aspect ratio. As previously reported, BCNW had an aspect ratio of approximately 
32
32
. Therefore, the percolation threshold should be reached with 2 v.-% of BCNW. In this study, 
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the optimum mechanical properties for both the BCNW and BCNW-PGMA nanocomposites were 
obtained for the 3 wt.-% (corresponding to 2.3 v.-%) samples. The same behavior was observed for 
EVOH nanocomposites containing BCNW, in which a loading of 3 wt.-% resulted in a maximum 
increase of 36% in Young‘s modulus and 22% in tensile strength73. 
 
Table 11.4: Tensile properties of neat PLA and PLA nanocomposites
a
. 
Code E (MPa) B (Mpa) B (%) 
PLA 2406.9 ± 497.5
NS
 45.3 ± 8.7
NS
 4.1 ± 1.6
NS
 
1%BCNW 2500.1 ± 177.9 49.5 ± 2.1 3.7 ± 0.7 
3%BCNW 2572.7 ± 134.4 50.6 ± 7.6 3.5 ± 1.0 
5%BCNW 2422.7 ± 358.4 47.9 ± 6.7 3.9 ± 0.1 
1%BCNW-PGMA 2529.6 ± 142.9 45.2 ± 3.0 5.5 ± 2.0 
3%BCNW-PGMA 2786.6 ± 77.6 55.2 ± 0.4 4.1 ± 0.3 
5%BCNW-PGMA 2614.2 ± 190.5 49.3 ± 5.8 4.0 ± 0.5 
a) Young‘s modulus (E), tensile strength (B) and elongation at break (B) for the PLA 
nanocomposites. NS: not statistical significant differences with a confidence level of 95%. 
 
11.5. Conclusion 
We have successfully introduced an epoxy functionality onto the BCNW surface by oxidation with 
cerium (IV) followed by grafting of glycidyl methacrylate. This chemical modification was 
confirmed by ATR-FTIR, TGA and SEM. It was observed this surface modification reduced 
slightly the thermal stability of BCNW, probably as a result of distortion of their highly crystalline 
structure. Furthermore, biodegradable PLA-BCNW nanocomposites were successfully prepared by 
solution casting. Morphological studies showed improved nanofiller dispersion for BCNW-PGMA 
and stronger molecular level interactions between the nancrystals and the polymer matrix. 
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Additionally, the incorporation of both modified and unmodified BCNW resulted in increased 
Young‘s modulus and tensile strength. However, nanocomposites incorporating BCNW-PGMA 
tended to present higher elongation at break due to improved adhesion between the polymeric 
matrix and the nanocrystals. 
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OVERALL CONCLUSIVE REMARKS AND FUTURE PERSEPECTIVES 
 
 The present PhD thesis comprises the implementation of different experimental activites 
performed at the Laboratory of Bioactive Polymeric materials for Biomedical and Environmental 
Applications (BIOLab) of the Department of Chemistry of the University of Pisa and those 
developed during a six month period spent at the Bioproduct Chemistry & Engineering research at 
United State Department of Agriculture, WRRC, in Albany, CA. 
 
 Most polymeric materials (99.5%) today are derived from fossil fuel feedstocks (crude oil 
or natural gas). Consumer products developed from these materials are not readily degraded in the 
environment upon disposal and there are rising concerns about the potential impact these 
petroleum-based products considering either on full carbon backbone polymers or heteropolymers 
might have on the environment. Environmentally degradable polymers (EDPs) from renewable 
resources are seen as an alternate choice to help mitigate some of the environmental burden. These 
polymers also offer a much more responsible carbon footprint. EDPs are often used in blends or 
composites where two or more biodegradable materials are combined to create a material of 
optimal performance while maintaining or enhancing its biodegradable behaviour. 
 Blends of polystyrene (PS) with poly(3-hydroxybutyrate) (PHB) have been prepared by 
using copolymers of styrene, poly(methyl methacrylate) P(MMA) and with poly(maleic anhydride) 
P(S-MAn) as compatibilizer. Morphological results suggest that the compatibilizer P(S-MAn) 
promoted a better dispersion and interfacial adhesion than P(S-MMA). Thermally aged PS-PHB-
P(S-MAn) blends samples showed no significant impact on degradation. PS and PS with pro-
degradant when exposed to sunlight revealed several changes in the polymer backbone such as 
chain scission and crosslinking reactions, carbonyl group formation, decrease in the melting 
temperature and in the mechanical properties, superficial increase in the crystallinity. On the 
contrary, PS-PHB blends with and without pro-degradant showed only slight degradation after 
sunlight exposure. 
 A PHB and PS based copolymer was successfully synthesized using ATRP reaction where 
PS was compatiblized with PHB. The synthesized block copolymer had properties quite similar to 
Conclusions 
 339 
that of the PS, which offers for this material promising uses in the manufacturing of products in 
industrial, medical and packaging sectors. A synthesized block copolymer PHB-PS based 
compatibilizer was found to be useful for compatibilizing the PS and PHB polymeric blends. At 
33% concentration, compatibilizer was effective in promoting a better dispersion and interfacial 
adhesion between both PS and PHB. Addition of compatibilizer affected the crystallizing ability of 
the bacterial polyester in the blends that constitutes a major issue in the neat PHB processing. 
 Biodegradable PLA-PHB blends were successfully prepared by melt mixing PLA, PHB 
and a new type of plasticizer (Lapol 108). This compounding technique is easy and has a potential 
to be commercially viable. SEM showed that PLA and PHB with plasticizer, exhibited a 
homogeneous distribution of Lapol 108 in the polymer matrix. Samples of ternary blends also 
showed homogenous distribution. XRD data showed that Lapol 108 affected the interlayer space of 
the blends. Moreover, Lapol 108 essentially decreased the Tg for all of the binary and ternary 
blends. Also, crystallinity in the 75%PLA-25%PHB sample slightly increased with increased 
loading of Lapol 108. On the other hand, thermal decomposition properties of the blends were not 
affected by Lapol 108. The addition of Lapol 108 caused the elongation at break to increase and the 
Young‘s modulus to somewhat decrease compared with neat PLA and neat PHB. 
 Use of lignin as a low cost filler material in conjunction with PHB was attempted to obtain 
a biodegradable composite that could be economically and ecologically feasible. Lignin acted as 
reinforcing filler in PHB matrix that improved tensile strength and Young's modulus. The addition 
of PVAc as a compatibilizer improved the mechanical strength of the composites. A higher amount 
of char content obtained from lignin indicates that it can act as a flame retardant in the composites. 
Degree of crystallinity of the composites increased by the incorporation of lignin up to 5 wt-% and 
decreased with increasing lignin content upto 10 wt-%. 
 We successfully prepared PE and PP/rhyolite composites by simple melt mixing of 
polyolefin and rhyolite. SEM showed that PP-rhyolite composites demonstrated better dispersion of 
rhyolite in PP than in PE. XRD data showed that there were small decreases in PE and PP 
crystallite sizes with increase in rhyolite loading. The degree of crystallinity values for most of the 
composites were slightly higher compared to that of neat PE and PP. Also, the thermal 
decomposition properties of both PE and PP improved with addition of rhyolite. FTIR spectroscopy 
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showed the existence of a dense silica network in the PE and PP films. Remarkably, the thermal 
conductivity of PE and PP composites decreased with an increase in rhyolite content.  
 Additionally, biodegradable PLA-rhyolite composites were also prepared by simple melt 
mixing of PLA and rhyolite. SEM showed that PLA with low rhyolite loading exhibited a 
homogeneous distribution of rhyolite particles in the PLA matrix. XRD data showed that a PLA 
molecular chain was not diffused into the interlayer space of rhyolite. Moreover, rhyolite 
essentially did not affect the Tg for all PLA-composites, although crystallinity decreased with 
increased loading of rhyolite. On the other hand, thermal decomposition properties of PLA- 
rhyolite composites shifted significantly to a higher temperature range (max. being at 5wt.-%) than 
that for neat PLA matrix. The concurrent addition of the filler caused the elongation at break 
decrease and the Young‘s modulus to somewhat increase compared with pristine PLA matrix. 
FTIR showed that there was some interaction between PLA and rhyolite.  
 A novel and facile method for surface modification of bacterial cellulose nanowhisker 
(BCNW) was developed by graft copolymerization of glycidyl methacrylate (GMA) by redox-
initiated free radical method. We have shown that by such modification reaction, it is possible to 
prepare BCNW with surface carrying substantial amount of epoxy group. These modified BCNW 
were subsequently introduced into a PLA polymeric matrix to produce fully biodegradable 
nanocomposites. Modification of BCNW was successfully applied with GMA monomer. Also, we 
have successfully prepared biodegradable PLA-BCNW with and without modification by solution 
casting. The incorporation of modified BCNW increased the PLA crystallinity. Morphological 
studies showed nano-scale dispersion and strong molecular level interactions between the 
nanowhiskers and the polymer matrix. The incorporation of both modified and unmodified BCNW 
showed an increase in Young‘s modulus and tensile strength. 
 The scientific and technological developments are a never ended journey. Each concluded 
research project opens a new range of questions and venues that can be further explored in multiple 
directions. Research conducted within the scope of this thesis has seemingly achieved this. Some 
areas for future research are also highlighted. 
